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ABSTRACT OF THE DISSERTATION 
Making Metal and Semiconductor Contacts on Alkanethiolate Self-assembled Monolayer 
Adsorbed on Au 
by 
Peng Lu 
Doctor of Philosophy in Chemistry 
Washington University in St. Louis, 2009 
Professor Amy V. Walker, Chairperson 
 
  Understanding and controlling the interactions of metals and semiconductors 
with organic substrates is critical to many technological applications. The primary goal of 
the research described in this dissertation is to understand the metal/organic and 
semiconductor/organic interactions and to develop methods to fabricate stable and robust 
metallic and semiconducting contacts on organic thin layers. 
  Alkanethiolate self-assembled monolayers (SAMs) adsorbed on Au, which have 
highly organized structures with a uniform density of terminal organic functional groups, 
were employed as model organic systems. Chemical vapor deposition (CVD) was 
employed to deposit selectively aluminum and alumina on functionalized SAMs. 
Methods were also developed to make stable Cu overlayers on SAMs via electroless 
deposition (EL). Finally, chemical bath deposition (CBD) was employed to deposit ZnS 
and CdSe on functionalized SAMs. The resulting deposit structures and reaction 
 iii
mechanisms involved were studied using time-of-flight secondary ion mass spectrometry 
(TOF SIMS), scanning electron microscope (SEM) and X-ray photoelectron spectroscopy 
(XPS). 
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NTA:  nitrilotriacetic acid trisodium salt 
 1
Chapter 1  
Introduction 
 
1.1  Metal and Semiconductor Constructs on Organic Thin Films 
Understanding and controlling the interaction of metals and semiconductors with organic 
substrates is critical to many technologies. Metallized polymers have many potential 
applications, including those in microelectronics,1-3 polymer light emitting diodes 
(PLED)4-6 and packaging.7 Semiconductor constructs on organic thin layers are also 
employed in applications ranging from electroluminescence devices8-12 to 
photodetectors.13, 14 However, several issues must be addressed before these devices can 
be used in everyday applications. 
  In PLEDs, a metal (typically Al or Cu) layer is deposited on a conjugated 
polymer, forming the cathode.4, 5 However, the metal often poorly adheres to the polymer, 
leading to unstable devices and short device lifetimes.3, 15, 16 Previous studies have also 
observed that deposited Al3, 16 and Ca3, 15 diffuse through the polymer, forming an 
interfacial region. This also leads to unpredictable device performance.  
  Metallized organic monolayers are also promising building blocks for molecular 
electronic devices.17-23 A wide range of devices have been demonstrated, including 
molecular rectifiers,23, 24 diodes,25 and transistors.26 However, small changes in the 
metal/organic structure cause huge variations in their performance or even device 
failure.27-30 Carpenter et al.31 fabricated Au/octacanethiol/p+-GaAs devices and measured 
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their electrical properties. They observed that 4 fold increase in the amount of Au 
penetration through the octadecanethiol monolayer led to ~200× decrease in the 
conductance of the device.  
  Similarly, for hybrid solar cells, the interaction between the semiconductor and 
organic layer greatly influences the charge transfer process in these devices and 
ultimately impacts the device performance.17, 32-34 Huynh et al. 32-34 showed that high 
efficiency solar cells can be obtained by constructing CdSe or CdS nanocrystals on 
polymer films. A photovoltaic device consisting of CdSe nanorods and 
poly-3(hexylthiophene) achieved an external quantum efficiency of over 54%.33 In 
contrast, photovoltaic devices assembled from CdSe and MEH-PPV 
poly(2-methoxy-5-(2’-ethyl-hexyloxy)-p-phenyl-enevinylene) only had an external 
quantum efficiency of 5%.32  
  However, it is very difficult to study the metal/organic and 
semiconductor/organic interactions on polymers, because polymer surfaces are not easy 
to control and modify systematically. To overcome this, self-assembled monolayers 
(SAMs) have been employed in these studies. SAMs have highly organized structures 
with a uniform density of terminal organic functional groups.35, 36  
  Many methods have been employed to deposit metal and semiconductor on 
organic thin layers, including physical vapor deposition (PVD),37-39 chemical vapor 
deposition (CVD),40-44 atomic layer deposition (ALD),45-47 successive ionic layer 
adsorption and reaction (SILAR),48, 49 chemical bath deposition (CBD)50-52 and 
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electroless deposition.53, 54 There are several experimental criteria required to form stable, 
robust metallic and semiconducting contacts on organic layers. First, the method must be 
compatible with the organic substrate, and so low deposition temperatures are required (≤ 
50 °C).35 Second, there should be no metal or semiconductor penetration through the 
substrate. Third, the deposit must be stable over time. Fourth, the deposition method 
should be chemically selective. In this thesis, the use of CVD, electroless deposition and 
CBD were investigated to deposit metals and semiconductors on SAMs. 
 
1.2  Self-Assembled Monolayers on Au 
Self-assembled monolayers (SAMs) are highly ordered two-dimensional molecular arrays 
that form spontaneously on a substrate by chemisorption of functionalized molecules.35, 36 
Many molecules can form SAMs, including alkanethiols, fatty acids, diphosphates, etc.36 
SAMs formed by alkanethiols adsorbed on Au have been thoroughly studied55-58 and are 
employed in our studies.  
  An alkanethiol molecule consists of a thiol head group, a backbone of methylene 
groups, and a tail (terminal) group. To prepare alkanethiolate SAMs, a gold substrate is 
immersed into a 1 mM ethanolic solution of the corresponding alkanethiol at ambient 
temperature (21 ± 2 °C) for 24 h.55, 58, 59 Figure 1.1 shows a schematic diagram for the 
formation of alkanethiolate SAMs on Au. After the immersion of the Au substrate, the 
thiol head groups rapidly adsorb on the substrate.55 The alkane chains then undergo 
rearrangement over a longer time period to maximize the lateral interactions between the 
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chains to form a well-ordered SAM. In well-ordered SAMs, the alkanethiol chain are 
tilted approximately 30 degree from the surface normal.60, 61 The surface properties of 
SAMs can be modified by varying the terminal groups (tail). For example, methyl 
terminated SAMs are hydrophobic, while hydroxyl terminated SAMs are hydrophilic.  
 
 
Figure 1.1 A Schematic diagram of the formation of an alkanethiolate SAM on Au 
surface.62 
 
  The structures and properties of alkanethiol SAMs adsorbed on Au have been 
studied using a number of techniques, including secondary ion mass spectrometry 
(SIMS),63-66 infrared spectroscopy,59, 67 ellipsometry55, 67 and contact angle 
measurement.55, 58, 59 Static SIMS can acquire detailed molecular information of SAMs. 
In the negative SIMS spectra, a rich variety of molecular secondary ions including 
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(M-H)-, AuM-, AuSM-, Au2(M-H)- and Au(M-H)2- where M is the alkanethiol molecule 
have been observed.65 Reflection adsorption infrared spectroscopy (RAIRS) is a 
convenient method to examine the order of a SAM structure. The asymmetric C-H 
stretching vibration of the alkyl chain is sensitive to the SAM packing density and the 
presence of gauche defects.58 The C-H stretching vibration at 2918 cm-1 indicates a SAM 
with well-ordered structure, and the vibration at 2920 cm-1 is indicative of a less ordered 
SAM.58, 68 Quantitative RAIRS measurements also indicate that well-ordered 
alkanethiolate SAMs have a tilt of 28o.68 Ellipsometry measures the thickness of SAMs 
adsorbed on Au substrate. By comparing the alkanethiol molecule length and SAM 
thickness, the ellipsometry studies confirm that the SAM molecules on Au tilt 30 o from 
the surface normal.55 Contact angle measurements provide the surface roughness and 
wetting properties of the SAMs.55, 58  
 
1.3  Techniques for Metal and Semiconductor Deposition on SAMs 
1.3.1 Physical Vapor Deposition 
In physical vapor deposition (PVD) a thin film is deposited on a substrate via the 
condensation of a vaporized material.69 The material to be deposited (either a solid or a 
liquid) is vaporized by a number of methods, including thermal heating or sputtering. It is 
then transported under vacuum as a vapor to the substrate where the vapor recondenses to 
form the deposited film.69, 70 PVD can be employed to deposit metals,71 inorganic 
compounds72 and organic thin films.73  
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  To date, PVD has been extensively employed to deposit metals on polymers and 
SAMs.37-39, 74-83 On SAMs, a wide range of behaviors have been observed: from 
metal-organic complex formation39, 78 to metal penetration through the films81, 84 and 
destruction of the monolayer caused by metal atoms.39, 85 Table 1.1 summaries the results 
of previous studies of metal vapor deposition on -COOH,38, 39, 75, 86-90 -CO2CH3,38, 39, 77, 84, 
87, 88, 91 -OH,38, 39, 78, 86, 90, 92 -OCH338, 39, 78, 80-82, 86 and -CH338, 39, 84, 87-91, 93 terminated 
SAMs.  
However, PVD is not the most suitable method to fabricate metal on organic thin 
layers because the outcome of the deposition reaction can not be precisely predicted.39 
For example, one may predict that Al will form Al-O bonds on -OCH3 terminated SAMs 
from organometallic chemistry. However, experimentally vapor-deposited Al is observed 
to complex weakly with -OCH3 terminal groups.39, 78 
.  
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1.3.2 Chemical Vapor Deposition 
Chemical vapor deposition (CVD) has been widely employed to deposit metals, oxides 
and compound thin films in the semiconductor industry and the metallurgical coating 
industry.94-98 In a CVD, a substrate is exposed to one or more volatile precursors, 
typically organometallic compounds. The precursor then either decomposes on the 
substrate owing to pyrolysis, or chemically reacts with the substrate to produce the 
desired deposit.95, 96, 99 CVD is more attractive than PVD to grow thin films on organic 
substrates because the reactions are potentially chemically selective. However, CVD 
usually requires high reaction temperatures (T ≥ 200 °C),95, 98 which are incompatible 
with most organic thin films.  
1.3.3 Electroless Deposition 
Electroless deposition is widely employed in metal coating and interconnects fabrication 
in microelectronics and metal coating.100, 101 A variety of metals and alloys, including Ni, 
Zn, Cu, Au, Ag and Pt, can be deposited using this method.101 In electroless deposition, 
metal deposition occurs via the chemically promoted reduction of metal ions without an 
externally applied potential.100, 102 Electroless deposition is also a promising candidate to 
make metal contacts on organic thin layers. It can be performed at low temperature (≤ 50 
°C) and thus has the potential to make stable metal overlayers without damaging the 
organic substrate.37, 53 Finally, as a solution-based technique, electroless deposition is 
convenient, inexpensive, and can be readily adapted to large area processing. 
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1.3.4  Chemical Bath Deposition 
Chemical bath deposition (CBD) is a solution-based method that employs a controlled 
ion exchange reaction to deposit thin films on a substrate.103 The basic reactions involved 
are conceptually simple: cations and anions are slowly released in the bath, and they react 
to form precipitates that deposit on the substrate.104 CBD is a particularly interesting 
method to deposit compound semiconductor on organic thin layers, because it can be 
performed at low temperature and can be selective.105, 106 
 
1.4  Research Objectives 
In this thesis, methods to fabricate stable metal and semiconductor (aluminum, alumina, 
copper, ZnS and CdSe) thin films on functionalized SAMs were developed and the 
reaction pathways involved investigated in detail. Selective growth of metal and 
semiconductor films on functionalized SAMs was also demonstrated. 
The organization of the thesis is as follows. Chapter 2 gives an introduction to 
TOF SIMS, including its applications, working principles and the instrument used in our 
studies. 
Chapter 3 presents a description of the chamber employed in trimethyl 
aluminum (TMA) chemical vapor deposition (CVD). The chamber was built to perform 
UV activated CVD during these studies.. 
Chapter 4 describes the investigation of room temperature CVD of aluminum 
and alumina on functionalized SAMs. Using trimethyl aluminum (TMA) as a precursor, 
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aluminum and alumina can be deposited on functionalized SAMs. TMA reacted with -OH 
and -COOH terminal groups to form dimethyl aluminum complexes. No reaction was 
observed with -CH3 terminated SAMs. In a nitrogen-purged glove box, alumina was 
deposited on -OH, -COOH and -CH3 terminated SAMs. The deposited alumina was 
strongly bound to -OH and -COOH terminated SAMs, but did not adhere to -CH3 
terminated SAMs and so could be removed by rinsing with organic solvents. In a high 
vacuum deposition chamber (base pressure ≤ 2 × 10-8 Torr), metallic aluminum was 
deposited on -OH and -COOH terminated SAMs. UV light activated CVD was also 
demonstrated, which led to an increase in the deposition rate of Al on -OH and -COOH 
terminated SAMs. Selective deposition of aluminum and alumina on the -COOH regions 
of a patterned -COOH/-CH3 SAM was also demonstrated. 
  The mechanism of copper electroless deposition on functionalized SAMs is 
discussed in Chapter 5. Copper was observed to deposit on -COOH and -CH3 terminated 
SAMs. On -COOH terminated SAMs, Cu2+-carboxylate complexes formed, and they 
provided the nucleation sites for Cu film formation. On -CH3 terminated SAMs, no 
surface complex was formed. When the reaction temperature was raised from 22 °C to 45 
°C, copper deposition was observed to continue on -COOH terminated SAMs as the 
deposited film was stabilized by the surface Cu2+-carboxylate complex. On -CH3 
terminated SAMs, no copper deposition was observed at 45 °C. However, the deposited 
copper overlayer was not stable on both -COOH and -CH3 terminated SAMs, and 
penetrated through the monolayer for at least 48 h after deposition ceased. Copper did not 
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deposit on -OH terminated SAMs, because the hydroxyl terminal groups reacted with 
formaldehyde to form acetals, which prevented Cu2+ ions adsorption to -OH terminated 
SAMs. 
  In Chapter 6, a new copper electroless method was developed to selectively 
deposit stable copper overlayers on SAMs without copper penetration. A “seeding” step 
was introduced, and this step greatly increased the copper deposition rate on -COOH 
terminated SAMs. However, copper penetration was still observed. To prevent copper 
penetration, an organic additive, adenine, was added to the bath. With electroless 
deposition, copper overlayers were selectively deposited in the -COOH terminated SAM 
regions of a patterned -COOH/-CH3 SAM surface. 
  In Chapter 7, chemical bath deposition was employed to deposit ZnS on SAMs 
and the reaction pathways were investigated. On -COOH terminated SAMs, two types of 
ZnS nanocrystallites were observed to form via different pathways: larger crystallites 
formed via cluster-by-cluster deposition, and smaller nanoflowers formed via ion-by-ion 
growth. On -CH3 and -OH terminated SAMs, ZnS deposited via the cluster-by-cluster 
mechanism and only larger crystallites were formed. When the deposition was performed 
on a patterned -COOH/-CH3 SAM, ZnS nanoflowers were selectively deposited in the 
-COOH terminated SAM areas of the patterned SAM surface, forming “nanoflowerbeds”. 
  Chapter 8 gives another example of the deposition of a semiconductor, CdSe, on 
SAMs using CBD. In this case, CdSe nanoparticles with narrow size distributions were 
observed. On -COOH terminated SAMs, CdSe CBD followed a mixed ion-by-ion and 
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cluster-by-cluster mechanism. On -OH and -CH3 terminated SAMs, CdSe nanoparticles 
only formed via cluster-by-cluster deposition. Selective deposition of CdSe was also 
achieved on patterned -COOH/-CH3 SAM. 
  Chapter 9 summarizes the conclusions to the work performed and also discusses 
possible future work to be performed. 
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Chapter 2 
Time-of-Flight Secondary Ion Mass Spectrometry 
 
2.1  Introduction 
Time-of-flight secondary ion mass spectrometry (TOF SIMS) is a highly sensitive surface 
analysis technique.1-3 It is widely used in the analysis of organic thin films,4, 5 
biomaterials6 and polymers.7, 8 TOF SIMS employs a pulsed primary ion beam to desorb 
and ionize species (“secondary” species) from a sample surface. The desorbed secondary 
ions are analyzed using a time-of-flight (TOF) mass analyzer. TOF SIMS has many 
advantages, including high surface sensitivity, high mass resolution, parallel mass 
detection, and imaging and depth profiling abilities.9-11  
  The history of secondary ion mass spectrometry (SIMS) goes back to the mid 
19th century when sample sputtering by gaseous ions was first discovered. Herzog and 
Vieboeck12 studied the fundamentals of SIMS and developed the first instrument to have 
an electron primary ion source in 1949. In the 1960s, Herzog, Liebl and coworkers13 built 
the first commercial SIMS instruments for the analysis of extraterrestrial materials. In the 
1970s, Benninghoven and co-workers14-18 developed single ion counting techniques, 
which allowed for the development for static SIMS. Initially, magnetic sector and 
quadrupole mass analyzers were employed in SIMS, then TOF analyzers was developed 
for modern SIMS systems,1, 19 however magnetic sectors instruments are still widely used. 
In recent years, the development of cluster primary ions beams has lead to the 
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development of high lateral resolution molecular 2D and 3D imaging.20-23 
  SIMS can be operated in two different modes: static and dynamic. For static 
SIMS, the primary ion dose is less than 1013 ions cm-2 (i.e. less than 1% of the number of 
surface atoms, 1015 ions cm-2).9 The low ion beam dose is important to maintain the 
sensitivity to the uppermost monolayers of the sample. The desorbed secondary species 
can be ions, neutrals or electrons. Static SIMS is normally used to obtain high mass 
resolution spectra, as well as SIMS images. In this case the sample surface is divided into 
a series of pixels, and a mass spectrum is obtained at every pixel by rastering the primary 
ion beam across the surface. Using a computer allows one to analyze the data, providing 
a mass spectrometric image. 23-25 Dynamic SIMS is used primarily for depth profiling and 
uses an ion dose > 1013 cm-2. In dynamic SIMS, the analyzed surface is damaged and 
eroded away owing to sputtering. The generated secondary ions are analyzed as a 
function of depth (depth profiling).26-28  
In a SIMS experiment, the primary ions collide with sample surface atoms and 
transfer their energy to the sample surface, leading to a collision cascade within the 
sample (Figure 2.1).1, 9 This leads to the ejection of electrons, ions and neutrals from the 
surface.9 These secondary species are characteristic of the atoms and molecules present in 
the surface region. The secondary ion current is given by: 
Im± = Ip × Ym ×η±× α± × θm               (1) 
where Im± is the secondary ion intensity of a species m; Ip is the primary ion beam current 
(number of primary ions × charge per ion / time); Ym is the sputtering yield (number of 
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secondary ions generated per primary ion); η± is the ion transmission efficiency for 
positive (+) or negative ions (-). α± is the ionization probability of the sputtered species, 
and θm is coverage (surface concentration) of species m in the analyzed areas.29  
Most of the ejected secondary species are neutrals (~ 95%). Secondary ions 
comprise ~ 5% of the sputtered species.9 The secondary ions are then extracted to a 
time-of-flight mass spectrometer for analysis.  
 
 
 
Figure 2.1 Primary ion sputtering and secondary species generation in TOF SIMS. The 
incident particles are ions, and are referred to as primary ions. Emitted secondary species 
are atomic and molecular fragments, which are characteristic of the surface chemistry.30 
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2.2 TOF SIMS Instrument 
In these studies, an ION TOF IV spectrometer (ION TOF Inc., Chestnut Hill, NY) 
equipped with a Binm+ (n = 1 - 6, m = 1, 2) liquid metal ion gun was employed. Typically, 
Bi+ ions with kinetic energy of 25 keV were used as the primary ions contained within a 
~100 nm diameter probe beam. The primary ion beam was rastered over the sample to 
obtain SIMS spectra and acquire MS images. The secondary ions were extracted into a 
time-of-flight mass spectrometer with a 2000 V potential and were reaccelerated to 10 
keV before reaching the detector. The mass resolution (m/Δm) was typically 5000 at m/z 
29. The instrument was also equipped with an electron flood gun for charge 
compensation.  
2.2.1  Vacuum System 
The ION TOF IV consisted of a load lock (airlock) for sample introduction, a preparation 
chamber and an analysis chamber, separated by gate valves. The vacuum system was 
computer controlled. Figure 2.2 shows a schematic diagram for the vacuum system. The 
airlock chamber was pumped with a turbomolecular pump (Pfeiffer, 240 l s-1) and was 
maintained at < 10-6 mbar when transferring the sample. The preparation chamber and 
main chamber were pumped with turbomolecular pumps (Leybold, 460 l s-1) and were 
kept at < 5 × 10-9 mbar. The turbo pumps were backed by a turbo drag pump (Pfeiffer, 60 
l s-1) and a diaphragm pump (Vacuubrandt, 1 l s-1).  
Vacuum gauges were used to monitor the chamber pressure. G-Airlock, G-Prep 
were all range gauges monitoring the airlock chamber and the preparation chamber 
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pressures, and G-Main was a cold cathode ion gauge for the main chamber. Venting 
valves were employed to vent to chambers. VV-Airlock, VV-Prep and VV-Main stand 
for the venting valves for these chambers, respectively. The buffer pressure was 
monitored by a pirani gauge. 
 
Airlock Prep Main LMIG
G-Airlock G-Prep G-Main G-LMIG
Gate Valve 1 Gate Valve 2
T-Airlock T-Prep T-Main T-LMIG
VV-Airlock
VV-Prep
VV-Main
T-Drag
Buffer
Forepump
Buffer
Pirani Gauge
 
Figure 2.2 A Schematic Diagram of ION TOF IV vacuum system.31 
 
2.2.2  Liquid Metal Ion Gun 
A liquid metal ion gun (LMIG) was used to generate pulsed high energy ion beam and 
focus the beam to a small spot size for sample bombardment. The LMIG can be separated 
into five different units: liquid metal ion source (LMIS), blanker/chopper, buncher, mass 
selection unit and primary focusing unit.  
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The LMIS operates with metals (e.g. Ga) or metal alloys (e.g. Au), which were 
easily liquidized.1, 9, 11 It consisted of an emitter, a suppressor, and an extractor. In the ion 
emitter, a tungsten tip with a small tip radius was wetted by a metal or alloy supplied 
from a reservoir. At the same time, a strong electric field was applied to the emitter 
through an extraction electrode in front of the tip. The electric field forced the liquid 
metal to the needle tip, and a cone shape (Taylor cone) was formed.32 Field evaporation 
occurred in the Taylor cone owing to the extremely high electric field strength, and metal 
ions were emitted from a very small area with a radius in the nm range33 (Figure 2.3). The 
emission current was controlled by the potential difference between the emitter and the 
extraction electrode, and can be fine-tuned by the suppressor that surrounded the emitter. 
Typically, emission currents from a Bi LMIS at 25 keV were ~ 1 μA.33  
 
Extractor
Needle
Heating Coil
Ion Emission
Taylor Cone
Liquid Metal
 
Figure 2.3 A schematic diagram of a liquid metal ion gun source.9  
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  After leaving the emitter, the primary ion beam was focused by ion optics before 
reaching the sample surface. The focusing optics consisted of three lenses (Lens Source, 
Lens Magnification and Lens Target) and two apertures. 
  To be compatible with the TOF analyzer, the continuous primary ion beam 
generated from the LMIS must be pulsed. In the LMIS, a high performance beam blanker 
was employed for high speed motionless beam blanking. To select desired mass in a 
primary ion pulse, a mass selection unit was employed (Figure 2.4). When there was no 
voltage applied, primary ions were able to traverse through the aperture and thus were 
selected. After the voltage was turned on, primary ions were deflected by the electric field 
to the voltage plates and so could not arrive at the sample surface.  
 
+V V=0
Mlow Mdesired
+V
Mhigh
 
Figure 2.4 A Schematic diagram of the mass selection unit. When lighter primary ions 
(Mlow < Mdesired) arrived at the aperture, voltage was applied and ions were deflected to 
the voltage plates. Then the voltage decreased to 0 and primary ions with desired mass 
traversed through the aperture and were selected. Then the voltage was applied again to 
filter heavier primary ions (Mhigh > Mdesired). 
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To obtain high mass resolution spectra, it is important that the primary ions in 
the pulse arrive at the sample surface simultaneously. To achieve this, bunching was 
employed. Bunching accelerated the ions within a pulse to different energies so that the 
primary ions arrived at the sample surface at the same time. However, after bunching the 
primary ion beam energy spread increased to several hundreds of electron volts, and this 
led to lower spatial resolutions and so bunching was not employed for imaging 
applications. 
2.2.3  Electron Flood Gun 
A low energy electron flood gun (~ 18 eV) was equipped in the ION TOF IV instrument 
for charge compensation. When analyzing electrically insulating samples, charge will 
quickly build up on the sample surface. These localized surface charges substantially 
decreased the secondary ion signals. The electron flood gun compensated for the surface 
charges by neutralizing the positive charge on the surface with electrons.  
2.2.4  Time-of-Flight Analyzer 
A time-of-flight analyzer was used to detect the secondary ions. When a primary ion 
pulse hit the sample, secondary ions were extracted to the analyzer and accelerated by an 
electric field to the detector. All ions left the sample surface at the same time because the 
ion pulse was very short (< 1 ns), and traveled the same distance to the detector. Under an 
electric field of known strength, each ion was accelerated to certain velocity that was 
determined by the mass-to-charge (m/z) ratio. Thus, the ions arrived at the detector at 
different times, and the ion travel times could be used to calculate the m/z ratios of the 
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emitted ions. 
  The TOF analyzer employed in our studies consisted of an Einzel lens to focus 
the ion beam onto the detector, a deflection unit to align the beam, a reflectron (ion 
mirror), a postacceleration unit and a detector.  
  When secondary ions were ejected from the sample, they had a kinetic energy 
spread about 10-15 eV. To compensate for this, a reflectron TOF geometry was employed 
(Figure 2.5).33, 34 When the secondary ions penetrated into the reflectron electric field, 
they were reversed in direction towards a detector. If the acceleration/deceleration 
voltages were properly configured, the more energetic ions penetrated deeper into the 
retarding field, traveled a slightly longer distance, and arrived at the detector at the same 
time as the less energetic ions. In a reflectron TOF, the flight time is given by, 
)4(2 21/21 dLLeV
mtttt deccelacceldriftdrift ++=++=       (2) 
where tdrift1 is the flight time through L1, tdrift2 is the flight time through L2, taccel/deccel is the 
flight time in the reflectron electric field. Since the ions of the same m/z have the same 
flight time after going through the reflectron, the mass resolution is improved. 
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Figure 2.5 A Schematic diagram of a reflectron TOF. mhigh and mlow are the same ions 
with different initial kinetic energies. mhigh refers to faster ions with higher kinetic energy 
and mlow refers to slower ions with lower energy. 
 
  After leaving the reflectron, the secondary ions pass through the postacceleration 
optics and arrive at the secondary ion detector. The postacceleration voltage is 10 kV, 
which ensures that heavy ions can be more efficiently detected. The detector consists of a 
multichannel plate to convert ions to electrons, a scintillator to convert electrons to 
photons, and a photomultiplier to amplify the photon signal.  
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Chapter 3  
Construction of High Vacuum Chamber for UV Activated Chemical 
Vapor Deposition 
 
3.1  Introduction 
Chemical vapor deposition is a widely used technique to grow oxides, metals, 
semiconductors and compound thin-film materials,1-3 and is employed in a broad range of 
commercial applications.1-6 
  In a typical chemical vapor deposition, a substrate is exposed to one or more 
volatile precursors. The precursor either decomposes on the substrate owing to pyrolysis, 
or chemically reacts with the substrate to produce the desired deposit. In Chapter 4, an 
area selective chemical vapor deposition of aluminum and alumina was demonstrated 
using trimethyl aluminum (TMA) as precursor. It was shown that the deposition chamber 
base pressure was important to determine deposited species. When CVD was performed 
in a nitrogen-purged glove box, alumina was deposited. In contrast, when the deposition 
was carried out under high vacuum conditions (base pressure ~ 10-8 Torr) on -COOH and 
-OH terminated SAMs, metallic aluminum was formed.  
To improve further the Al CVD process, a high vacuum chamber was designed 
for CVD on SAMs. First, the chamber was designed so that its base pressure is 10-8 Torr, 
but the pressure can be easily controlled from 10-4 Torr to 10-8 Torr. This pressure range is 
needed for exposing SAMs to several to 1 × 106 Langmuir (1 Langmuir = 10-6 Torr . s) 
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precursor for investigation of the reaction pathways involved. Second, it was observed 
that the Al CVD process was very slow. To accelerate the reaction, it has been 
demonstrated that UV activation can be employed.7-11 Thus, the chamber was designed so 
that UV light could be introduced without photooxidation of the SAM. Third, the 
chamber must provide a suitable interface to attach to the TOF SIMS system described in 
Chapter 2. This allows immediate sample transfer in vacuum after CVD to minimize 
sample oxidation or contamination during the transfer process.  
In this chapter, the design and construct of a CVD chamber satisfying the above 
requirements are described in details. The chamber was employed for UV photo activated 
Al CVD using TMA. However, it has not been connected to the TOF SIMS yet.  
 
3.2 Overview 
The CVD deposition system consisted of a deposition chamber, a chamber stand, a gas 
line, a bypass line, and a UV light activation source equipped with a deuterium lamp 
(Figure 3.1). The whole system was pumped with a turbomolecular pump (Leybold, TMP 
151, 145 l s-1) backed by a rotary pump (Alcatel 2015, 298 l min-1). Pressure of the 
chamber was monitored by a cold cathode ionization gauge (Kert J. Lesker, Series 423) 
and a Pirani gauge (Kert J. Lesker, Series 345). A second Pirani gauge and a Bourdon 
gauge were used to monitor the gas line pressure. In a typical CVD experiment, the TMA 
precursor was introduced from the gas line through a precision ultrahigh vacuum leak 
valve (MDC, ULV-150), which had an adjustable leak rate (range: 1 × 10-10 Torr l s-1 to 1 
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× 10-2 Torr). During the deposition, the butterfly valve was closed to protect the 
turbomolecular pump. After each deposition, the chamber was pumped via the bypass 
line until the pressure is sufficiently low(~ 10-4 Torr) to open the butterfly valve.  
 
TMA
Chamber
Pirani
PiraniCold Cathode
Valve
Valve
Rotary Pump
Turbo Pump
Leak Valve
Gate B
Bypass Line Gas Line
Bourdon
 
Figure 3.1 A schematic diagram of the vacuum system for the high vacuum CVD 
chamber.  
 
3.2.1  CVD Chamber 
The CVD chamber was constructed using a 6-way 6” CF cross cube (Figure 3.2). To the 
six sides of the chamber, the following parts were attached: a gate valve which will be 
employed to attach the chamber to the TOF SIMS preparation chamber, a butterfly valve 
separating the chamber from the turbo pump, a cluster flange connecting the gas line, the 
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bypass line and the cold cathode gauge, a sample transfer arm, a glass observation 
window, and a calcium fluoride window for UV light transmission. The gate valve and 
magnetic transfer arm were designed to interface with the TOF SIMS system. Sample 
transfer will be achieved under vacuum between the CVD chamber and TOF SIMS by 
using the transfer arm. To align the transfer arm with the TOF SIMS sample transfer 
system, a port aligner (MDC) was employed. 
  A butterfly valve separated the turbomolecular pump from the CVD chamber 
and protected the turbo pump from exposure to high pressures during CVD. CVD 
precursors are generally reactive and may damage (corrode) the turbo pump. For high 
dose TMA CVD (chamber pressure > 10-5 Torr), the butterfly valve was kept closed and 
the turbo pump was separated from the deposition environment.  
  The cluster flange had three 
"
4
32  CF ports, which connected to the gas line, 
the bypass line, and the cold cathode ionization gauge to the chamber. The leak valve 
controlled the CVD precursor pressure in the CVD chamber. The bypass line directly 
connected to the rotary pump, and was used for pumping out the chamber after CVD 
deposition. A cold cathode ionization gauge was attached to the third port and monitored 
the CVD chamber pressure. 
  A 
"
2
14  CF window was used for sample alignment and observation in the 
chamber. A 
"
4
32 CF CaF2 window was used to transmit UV light into the CVD 
chamber. . 
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Figure 3.2 A schematic diagram of the high vacuum CVD chamber (a) Top view. The 
butterfly valve separating the chamber and turbomolecular pump was on the opposite side 
of the glass window and not shown in this graph. (b) Side view. The cluster flange was on 
the opposite side of the CaF2 window and not shown in this graph. 
 
 46
3.2.2  CVD Gas Line 
The gas line on the CVD system delivered the gaseous precursor from the precursor 
container vessel to the CVD chamber for reaction. One end of the gas line connected to 
the CVD chamber via a leak valve which precisely controlled deposition pressure, and 
the other end was attached to a NW16 4 way cross that linked the gas line, the bypass line, 
and the turbo pump to the rotary backing pump. The gas line pressure was monitored by a 
Pirani gauge and a Bourdon gauge (see Figure 3.3 for a schematic diagram). 
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Figure 3.3 A schematic diagram of the gas line on the CVD chamber.  
 
3.2.3  UV Lamp 
A Series Q Deuterium Source System (New Port Stratford, Inc. Stratford, CT) was 
employed to provide UV illumination during the deposition. This system was equipped 
with a deuterium lamp (30 W, high uniformity, 1 mm arc diameter) which had a spectrum 
output from 160 nm to 500 nm.12 Previous studies showed that trimethyl aluminum 
photodissociated at 193 nm, 248 nm, and 308 nm,7, 9, 11 and thus the UV source was 
suitable for TMA CVD activation. The output beam went into the CVD chamber through 
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a CaF2 window (CeramTec Corporation), which was able to transmit light at wavelengths 
below 200 nm.13 During the deposition, the UV beam was parallel to the sample surface 
to minimize sample damage caused by UV radiation.  
3.2.4  CVD Chamber Holder and Stand 
The CVD chamber was mounted on a chamber holder attached to an aluminum stand. 
The holder and stand ensured that the chamber was at the same height as the TOF SIMS 
preparation chamber, and thus the CVD chamber could be coupled to the TOF SIMS.  
 
Appendix: Design drawings of the holder and the stand can be found in Appendix 
Figures A3.1 - A3.3.  
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Chapter 4  
Chemical Vapor Deposition of Aluminum and Alumina on 
Alkanethiolate Self-Assembled Monolayers Adsorbed on Gold 
 
[Portions of this work have been published previously by Peng Lu, Korhan 
Demirkan, Robert L. Opila, and Amy V. Walker, J. Phys. Chem. C, 2008, 112, 2091-2098. 
Korhan Demirkan performed the XPS studies described here in the group of R. L. Opila. 
A description of these is included for completeness.] 
 
Abstract: The reaction of trimethylaluminum (TMA) with -COOH, -OH and -CH3 
terminated self-assembled monlayers (SAMs) adsorbed on gold was investigated with 
time-of-flight secondary ion mass spectrometry (TOF SIMS) and X-ray photoelectron 
spectroscopy (XPS). It is demonstrated that TMA can be employed to deposit both 
alumina and aluminum on functionalized SAMs at room temperature. The reaction was 
influenced by both the level of H2O and O2 present in the environment and the SAM 
terminal groups. In a nitrogen-purged glovebox, alumina was deposited on -COOH, -OH, 
and -CH3 terminated SAMs. TMA reacted with -OH and -COOH terminal groups to form 
dimethyl aluminum complexes, which then reacted with H2O and O2 to deposit alumina. 
Alumina deposited on -COOH and -OH terminated SAMs was strongly adherent. TMA 
did not react with -CH3 terminated SAMs, and the alumina deposited was formed by 
TMA reaction with H2O and O2 in the environment and could be removed by rinsing with 
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an organic solvent. In a deposition chamber with a base pressure ≤ 10-8 Torr, aluminum 
was deposited only on -COOH and -OH terminated SAMs but not on -CH3 terminated 
SAMs. UV light can be employed to increase the Al deposition rate on -COOH and -OH 
terminated SAMs. Using CVD, aluminum and alumina could be selectively deposited in 
the -COOH terminated SAM areas of a patterned -COOH/-CH3 SAM depending on the 
reaction conditions.  
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4.1  Introduction 
Metalized organic thin films have many important applications in molecular electronics, 
polymer light-emitting diodes, and other electroluminescent devices.1-5 Therefore, it is 
important to control and understand metal atom deposition on organic thin films. 
However, it is difficult to study the reaction mechanisms on most organic films because 
their surface properties are not well defined. To overcome this, self-assembled 
monolayers (SAMs), which have a highly ordered structure and a uniform surface density, 
have been employed as model systems for understanding the metal-molecule 
interactions.6-12 
  Most previous studies on the interactions of metals with organic thin films 
employed physical vapor deposition (PVD).9-29 These studies showed that the interactions 
of vapor deposited metal with organic thin films could be very complicated. A wide range 
of behaviors were observed, from metal-organic complex formation,11, 12, 15 to metal atom 
penetration through the film,27 to destruction of monolayer caused by metal atoms.25 The 
mechanism of interaction depends on the properties of both the metal and the organic thin 
film, and the outcome of the interaction can not be easily predicted.23  
  Aluminum is of particular interest in this study because it is widely employed as 
a metallic contact material in many organic electronic devices.30, 31 Many studies have 
been reported on the physical vapor deposition (PVD) of aluminum on polymers and 
SAM. Birgerson et al.32-35 studied Al vapor deposition on polymer surfaces, and Al was 
observed to form covalent bonds with the polymer backbones and oxygen-containing 
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groups prior to forming a metallic overlayer. Raman spectroscopy36 and XPS37 studies 
also confirmed that aluminum could undergo covalent addition to polymers and react 
with methoxy groups to form an oxycarbide species. Reaction of vapor deposited Al with 
functionalized SAMs has also been investigated extensively.9-12, 15, 27 It was observed that 
Al inserted into the C-O bonds of the terminal groups on -OH,11 -COOH,15 and 
-CO2CH310, 12 terminated SAMs. On -OCH3 terminated SAMs, Al weakly interacted with 
the -OCH3 terminal group and penetrated through the monolayer to the Au/S interface.9, 11, 
27 Vapor deposited Al did not react with -CH3 terminated SAMs, and penetrate through 
the SAMs. After the deposited Al reached a ~1:1 ratio with Au, metallic Al overlayers 
started to form at the SAM/vacuum interface.12  
  However, there are some concerns in PVD. Metal penetration through the SAMs 
is usually a problem, and one can not predict the reaction outcome in PVD. Other 
deposition techniques can be used to deposit metal and other materials, including 
electroless deposition,38-40 atomic layer deposition (ALD),41-43 and chemical vapor 
deposition (CVD).44-46 CVD is an attractive method to grow thin films on organic 
substrates, because the reactions are chemically selective, the thickness of the film can be 
easily controlled, and a variety of materials can be deposited using this technique.  
To date there have only been a few studies of CVD on organic thin films. 47-54 
This is because most CVD processes require high temperatures (≥ 200 °C) which are 
incompatible with organic thin films. Alkanethiolate SAMs adsorbed on Au are thermally 
sensitive and undergo a phase transaction to a liquid-like state at temperatures above 
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~120 °C.6 The density of defects within the monolayer increases when SAM surface 
temperature increases above room temperature, and defects created above 70 °C are 
irreversible even upon sample cooling.55  
Several studies have demonstrated the feasibility of CVD to deposit metals on 
functionalized SAMs. Wohlfart et al.52 employed trimethylamine alane (TMAA) to 
deposit alumina and aluminum hydroxide on -OH and -COOH terminated SAMs. Fischer 
et al.51, 53 also deposited gold on thiol terminated SAMs using a methyltrimethylphospane 
gold (I) precursor. However, the reaction temperature was 70 °C, which may have led to 
damage of the monolayer.  
  A second issue is that deposition rates using CVD are often very low on organic 
thin films.52, 53, 56 Unlike in PVD where the deposition rate is determined by the pressure 
of the metal vapor, CVD rate is limited by the rates of precursor adsorption and reaction 
with the substrate.56 To improve the deposition rate, a UV source can be used to 
decompose the precursor prior to adsorption on the substrate, leading to an activated 
CVD process.57-60 During the activation, the UV light may interact with the precursors in 
gas phase and adsorbed on the substrate, as well as the substrates.56  
  In this chapter, Al CVD using trimethyl aluminum (TMA) on functionalized 
SAMs at room temperature is demonstrated. When the deposition was performed in a 
N2-purged glovebox, alumina formed on -OH, -COOH, and -CH3 terminated SAMs. The 
deposited alumina film strongly adhered to -OH and -COOH terminated SAMs but could 
be easily removed from the -CH3 terminated SAMs by rinsing with organic solvent. In 
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contrast, metallic Al was deposited on -OH and -COOH terminated SAMs in a deposition 
chamber with a base pressure ≤ 10-8 Torr. No reaction was observed on -CH3 terminated 
SAMs. UV photoactivation of TMA improved the deposition rate on -OH and -COOH 
terminated SAMs but had no effect on -CH3 terminated SAMs. It is also demonstrated 
that alumina and aluminum can be selectively deposited in the -COOH SAM terminated 
regions of a patterned -COOH/-CH3 SAMs using appropriate experimental conditions. 
 
4.2  Experimental 
4.2.1  Materials 
Chromium and gold (99.995%) were purchased from Alfa Aesar Inc. (Wardhill, MA). 
Trimethylaluminum (97%) (TMA) was obtained from Sigma Aldrich (St. Louis, MO) and 
transferred into glass vials inside a nitrogen-purged glove box (Model 855AC, Plas Labs 
Inc, Lansing, MI). TMA was purified prior to use by repeated freeze-pump-thaw cycles. 
Silicon wafers (<111> orientation) were purchased from Addison Technologies (San Jose, 
CA) and etched using piranha etch (H2SO4:H2O2 = 3:1) before use. Hexadecanethiol 
(98%) and mercaptohexadecanoic acid (98%) were also obtained from Sigma Aldrich (St. 
Louis, MO). Mercaptohexadecanol and 18O-labeled mercaptohexadecanol were 
synthesized according to the procedure described by Walker et al..11  
4.2.2 SAM Preparation 
The preparation and characterization of SAMs adsorbed on Au used in this study have 
been described in detail previously.11, 12, 15, 61, 62 Briefly, Cr (~ 50 Å) and then Au (~1000 
 55
Å) were thermally deposited onto freshly etched Si native oxide wafers. Well-organized 
self-assembled monolayers were formed by placing the prepared Au substrates in a 1 mM 
ethanolic solution of the relevant alkanethiol molecule (with -CH3, -OH or -COOH 
terminal functional groups) for 24 h at ambient temperature (21 ± 2 °C). To ensure that 
the prepared SAMs were well-ordered and free from significant chemical contamination, 
a sample from each batch (~1 cm2) was characterized using time-of-flight secondary ion 
mass spectrometry (TOF SIMS) and single wavelength ellipsometry (Gaertner Inc., 
Stamford, CT) prior to the CVD experiment.  
4.2.3  Chemical Vapor Deposition 
TMA CVD was performed under several different experimental conditions. SAMs were 
exposed to TMA vapor (vapor pressure 8.4 Torr at 20 °C)63 in (a) a nitrogen-purged 
glove box; (b) a vacuum chamber with a base pressure of 2.2 × 10-7 Torr; (c) a vacuum 
chamber with a base pressure of 2.7 × 10-8 Torr, and (d) an ultra high vacuum (UHV) 
chamber with a base pressure ~ 1 × 10-9 Torr (TOF SIMS preparation chamber). All 
reactions were carried out at room temperature, 21 ± 2 °C.  
To photoactivate TMA, it was exposed to UV light from a Deuterium Lamp (30 
W, Newport, Stratford, CT) in a specifically designed vacuum chamber (See Chapter 3). 
After reaction with TMA, the samples were immediately transferred to the TOF 
SIMS for analysis. 
4.2.4  UV Photopatterning of SAMs 
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UV Photopatterning of SAMs was performed as follows. A mask (a copper TEM grid, 
Electron Microscopy Inc. Hatfield, PA) was placed on top of the SAM to be patterned 
(SAM#1). The SAM with mask was then placed 50 mm from a 500 W Hg arc lamp and 
exposed to the UV light for 2 h to ensure that photooxidation was complete. The UV 
photopatterned SAM#1 was then immersed in a freshly-made 1 mM ethanolic solution of 
the second alkanethiol (SAM#2) for 24 h. In the areas exposed to UV light, the 
photooxidized SAM#1 was displaced by SAM#2. A SAM#1/SAM#2 patterned surface 
was then obtained. The patterned surfaces were rinsed copiously with degassed ethanol 
and dried with N2 gas.  
4.2.5 Time-of-Flight Secondary Ion Mass Spectrometry (TOF SIMS) 
TOF SIMS analyses were performed using an ION TOF IV spectrometer (ION TOF, Inc., 
Chestnut Hill NY) equipped with a Binm+ (n = 1 - 6, m = 1 - 2) liquid metal ion gun. The 
instrument consisted of an air lock for sample introduction, a preparation chamber, and 
an analysis chamber, each separated by gate valves. The pressures of the analysis and 
preparation chambers were maintained at < 5 × 10-9 Torr. The Bi+ primary ions were 
accelerated to 25 keV and contained within a ~100 nm diameter probe beam. The beam 
was rastered over a (100 × 100 μm2) area during spectra acquisition and a (500 × 500 
μm2) area during image acquisition. The total ion dose was less than 1011 cm-2, and all 
spectra were obtained within the static SIMS regime.64 The secondary ions were 
extracted into a time-of-flight mass spectrometer using a potential of 2000 V and were 
reaccelerated to 10 keV before reaching the detector. The peak intensities were 
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reproducible to within ± 10 % from scan to scan and sample to sample. For each 
experiment, at least two samples were prepared, and three areas on each sample were 
examined. The data shown represent an average of all measurements. 
4.2.6 X-ray Photoelectron Spectroscopy (XPS) 
A Surface Science Laboratories SSX-100 spectrometer was employed to perform the 
ex-situ XPS analyses. The spectrometer was equipped with a monochromatic Al Kα 
(1486.6 eV) source and a hemispherical detector. Data were taken at a photoelectron 
takeoff angle of 45° from the sample surface, with a band pass energy of 55.87 eV and an 
energy step of 0.1 eV. The full width at half-maximum (FWHM) for Au 4f is 1.18 eV. 
The resulting spectra were fit with Gaussians. FWHM of 1.2 eV (metallic aluminum) and 
1.9 eV (oxidized aluminum) was used to fit the Al 2p peaks. 
 
4.3  Results and Discussion 
4.3.1  Reaction of TMA with -CH3, -OH, and -COOH terminated SAMs: TOF 
SIMS Study 
After TMA exposure, Al-containing ions were observed in the positive and negative ion 
TOF SIMS mass spectra, indicating that TMA has reacted with the SAMs (Figure 4.1). 
Al-containing fragment ions observed in the mass spectra are summarized in Table 4.1. 
No ions of the form of AlSH2+, AlSx-, or AlxAuySz- were observed, indicating that Al did 
not penetrate through the SAMs the Au/S interface.11, 12, 15 Further, there was no evidence 
that aluminum carbide formed in the deposited films; no AlxCy- ions were observed.23, 65  
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  On -OH and -COOH terminated SAMs, AlO- and AlO(CH2)x± ions were 
observed in the TOF SIMS spectra, suggesting that Al has inserted into the C-O bonds of 
the terminal groups to form metal-organic complexes.11, 15 Al+ and AlO- ions were also 
observed on -CH3 terminated SAMs, indicating that TMA has also reacted with water and 
oxygen present in the reaction chamber. The intensities of the ions decreased as the 
vacuum in the deposition chamber was improved (Figure 4.1). These data suggest that 
TMA reacted with H2O and O2 present in the deposition environment and formed 
alumina. As the amount of H2O and O2 in the deposition chamber decreased under high 
vacuum conditions, the reaction to form alumina on -CH3 terminated SAMs stopped, but 
TMA continued to react with -OH and -COOH terminated SAMs. 
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Figure 4.1 High resolution TOF SIMS spectra of Al+ (nominal mass m/z 27) and AlO- 
(nominal mass m/z 43) ions after (a,b) -OH, (c,d) -COOH and (e,f) -CH3 terminated 
SAMs have been exposed to TMA for 15 minutes under different reaction conditions: a 
nitrogen-purged glove box, a reaction chamber with a base pressure of 2.2 × 10-7 Torr 
and a reaction chamber with a base pressure of 2.7 × 10-8 Torr.  
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Ions 
SAM 
Positive Negative 
-CH3 Al+ AlO-, AlO2-, Al2O3H- 
-OH Alx
+, AlOC+, AlO(CH2)x+, 
AlO(CH)x(CH2)y+ 
AlO-, AlO2-, Al2O3H-, 
AlO(CH2)x-, 
AlO(CH)x(CH2)y- 
-COOH Alx
+, AlOC+, AlO(CH2)x+, 
AlOOC(CH2)x+ 
AlO-, AlO2-, Al2O3H-, 
AlO(CH2)x-, 
AlOOC(CH2)x- 
Table 4.1: Fragment ions observed in the TOF SIMS spectra upon reaction of TMA with 
-CH3, -OH and -COOH terminated SAMs. 
 
  The positive ion mass spectra of -CH3, -OH and -COOH terminated SAMs prior 
to and after TMA CVD in a deposition chamber with a base pressure of 2.7 × 10-8 Torr 
are shown in Figure 4.2. After TMA exposure, in the positive ion mass spectra, Al+ ion is 
the most prominent ion for the -OH and -COOH terminated SAMs, indicating that the 
SAMs were covered by an Al overlayer. In contrast, on -CH3 terminated SAMs, no 
distinct Al+ peak was observed and the high mass ions intensities were similar to those 
prior to deposition. This suggests that an overlayer does not form on -CH3 terminated 
SAMs (Figure 4.2). The negative ion mass spectra also support that an overlayer has 
formed on -OH and -COOH terminated SAMs but not on -CH3 terminated SAMs (data 
not shown). 
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Figure 4.2 High resolution positive ion TOF SIMS spectra (m/z 0 - 400) of (a) -OH, (b) 
-COOH and (c) -CH3 terminated SAMs before and after exposure to TMA for 15 minutes 
in a reaction chamber with a base pressure of 2.7 × 10-8 Torr. 
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  To confirm that -OH and -COOH terminated SAMs reacted with TMA, the 
following three experiments were performed. First, TMA CVD was carried out in a 
nitrogen-purged glove box for 15 min, and after deposition the samples were rinsed with 
hexane. For -CH3 terminated SAMs, the intensities of signals for Al-containing ions 
decreased significantly upon rinsing, indicating that the Al-containing species did not 
strongly bind to the SAM surface. In contrast, the intensities of these ion signals 
remained approximately constant prior to and after rinsing on -OH and -COOH 
terminated SAMs, suggesting that these monolayers have reacted and formed strong 
bonds with TMA (Figure 4.3). In the second experiment, TMA CVD was performed 
under UHV conditions (chamber base pressure ~ 10-9 Torr). After exposure to 9 L and 90 
L of TMA, Al-containing ions such as Al+ and AlO- were observed on -OH and -COOH 
terminated SAMs but not on -CH3 terminated SAMs. This observation indicates that 
TMA has reacted with the -OH and -COOH terminal groups but not with the -CH3 
terminal group (Figure 4.4). 11, 12, 15 In the third experiment, TMA CVD was performed on 
18O-labeled mercaptohexadecanol (-OH terminated) SAMs in a nitrogen-purged glovebox 
and under ultra high vacuum (uhv) conditions. After exposure to TMA, Al18OCH2- ions 
were observed on -OH terminated SAMs. Since the only source for 18O is the -OH 
terminal groups on the SAMs, these ions confirm that TMA reacted with the -OH 
terminal group. In addition, Al and 16O containing ions such as Al16O2- were also 
observed after deposition in the glovebox, indicating that TMA also reacted with H2O and 
O2 present in the environment (Figure 4.5). 
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Figure 4.3 High resolution negative ion mass spectra of AlO- ion (nominal mass m/z 43) 
of -CH3, -COOH and -OH terminated SAMs exposed to TMA vapor for 15 min in a 
nitrogen-purged glove box.  
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Figure 4.4 High resolution TOF SIMS spectra of Al+ (nominal mass m/z 27) and AlO- 
(nominal mass m/z 43) ions after (a,b) -OH, (c,d) -COOH and (e,f) -CH3 terminated 
SAMs were exposed to TMA for 15 min in a reaction chamber with a base pressure 
below 10-9 Torr. 
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Figure 4.5 High resolution negative ion TOF SIMS spectra of AlO- ion (nominal mass 
m/z 43) of -18OH terminated SAMs exposed to TMA for (a) between 1 and 60 min in a 
nitrogen-purged glove box and (b) for 9 L and 90 L (1 L = 10-6 Torr·s) in a reaction 
chamber with a base pressure below 10-9 Torr. 
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4.3.2  Reaction of TMA with -CH3, -OH, and -COOH terminated SAMs: XPS 
Study 
Ex situ XPS measurements were also performed on -CH3, -OH and -COOH terminated 
SAMs prior to and after TMA CVD. The XPS data are consistent with the TOF SIMS 
observations. Briefly, the C 1s spectra indicate that TMA reacted with -OH and -COOH 
terminated SAMs to form Al-organic complexes, but did not react with -CH3 terminated 
SAMs. The data also show that alumina was deposited on -OH and -COOH terminated 
SAMs under glovebox conditions. As the base pressure of the deposition chamber 
decreased, the Al(0) peak intensity increased, indicating that Al(0) was deposited. For 
-CH3 terminated SAMs, the Al 2p and O 1s data suggest that nonstoichiometric 
aluminum oxide film (AlOx) has deposited. The XPS data also indicate that no aluminum 
carbide (C 1s 282 eV) has formed on any of the SAMs. 
4.3.2.1  XPS Spectra of the Bare Monolayers 
Consistent with previous studies,11, 12, 15 the core-level XPS spectra of the bare -CH3-, 
-OH- and -COOH terminated SAMs show the following peaks. For -CH3 terminated 
SAMs, a peak at 285 eV was observed in the C 1s spectrum. The C 1s spectrum of the 
-OH terminated SAM displays two peaks, at 285.2 eV and 287.0 eV, and were assigned 
to -CH2- and -CH2OH, respectively. A single peak in the O 1s spectrum at ~533 eV 
corresponded to the -CH2OH functional group. For -COOH terminated SAMs, peaks at 
285.2 eV and 289.2 eV were observed in the C 1s spectrum and were assigned to -CH2- 
 67
and -COO. A single broad peak at ~532 eV in the O 1s spectrum could be assigned to the 
-COOH oxygens (Figure 4.6). 
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Figure 4.6 Core-level XPS spectra of the bare -CH3, -OH and -COOH terminated SAMs 
adsorbed on gold. (a) The C 1s core level spectrum. (b) The O 1s core level spectrum. 
4.3.2.2  XPS Spectra of -CH3 terminated SAMs after TMA CVD 
In agreement with the TOF SIMS data, the C 1s core-level XPS spectra show that TMA 
did not react with -CH3 terminated SAMs. No new peaks were observed in the C 1s 
spectra after TMA deposition. Two O 1s peaks of varying relative ratios were observed at 
~531.5 eV and ~533 eV, and could be assigned to oxygen in alumina, Al2O3 and AlOx (or 
Al(OH)x), respectively. The Al 2p data could be fit to two peaks at ~75 eV and ~73 eV 
which were assigned to aluminum in Al2O3 and Al(0), respectively. A FWHM of 1.9 eV 
was assumed for the oxidized aluminum species in the fitting process. However, Al peak 
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width for an amorphous aluminum oxide species may be higher (e.g. 2.1 eV) owing to the 
presence of a surface oxide.66 This may explain the broad Al 2p peak (Figure 4.7). 
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Figure 4.7 Core-level C 1s, O 1s and Al 2p XPS spectra of -CH3 terminated SAMs after 
exposure to TMA vapor for 15 min in a nitrogen-purged glove box, a reaction chamber 
with a base pressure of 2.2 × 10-7 Torr and a reaction chamber with a base pressure of 2.7 
× 10-8 Torr. The fits to the data are shown in red. 
 
4.3.2.3  XPS Spectra of -OH terminated SAMs after TMA CVD  
XPS spectra confirm that TMA reacted with -OH terminated SAMs. After TMA CVD, 
notable changes were observed in the C 1s spectra. The -CH2 1s peak broadened 
considerably on the high binding energy side and a second peak appeared at ~290 eV, 
indicating that TMA has reacted with the -OH terminated SAM. In addition, there was no 
evidence that aluminum carbide (282.3 eV) had formed after deposition. The O 1s peak 
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could be fit to two separate oxygen-containing species with binding energies of 531.8 eV 
and ~533 eV, which were assigned to oxygen in alumina and oxygen in the hydroxyl 
group respectively. The decrease in the binding energy indicates an increased electron 
density on the hydroxyl group atoms, suggesting that TMA reacted with the -OH terminal 
group to form an aluminum-organic complex. Two peaks at 72.9 eV and 75.5 eV were 
present in the Al 2p spectra, and were assigned to Al (0) and Al2O3. Notably, the intensity 
Al (0) peak increased as the base pressure of the reaction decreased, suggesting that 
metallic aluminum was deposited. This is also consistent with the TOF SIMS data 
(Figure 4.8). 
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Figure 4.8 Core-level C 1s, O 1s and Al 2p XPS spectra of -OH terminated SAMs after 
exposure to TMA vapor for 15 min in a nitrogen-purged glove box, a reaction chamber 
with a base pressure of 2.2 × 10-7 Torr and a reaction chamber with a base pressure of 2.7 
× 10-8 Torr. The fits to the data are shown in red. 
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4.3.2.4  XPS Spectra of -COOH terminated SAMs after TMA CVD  
XPS data suggest that TMA also reacted with -COOH terminated SAMs. Similar as on 
-OH terminated SAMs, the -CH2 C 1s peak broadened on the high binding energy side 
and a second peak also appeared at a binding energy of ~289 eV after TMA deposition on 
-COOH terminated SAMs. These observations suggest that the TMA reacted with -OH 
and -COOH to form similar metal-organic complexes. No evidence of aluminum carbide 
(282.3 eV) was observed. The O 1s peak could be fit to 531.9 eV peak for oxygen in 
alumina and 533.0 eV peak for carboxyl oxygens which have reacted with TMA to form 
metal-organic complexes. In the Al 2p spectra, two peaks at 72.8 eV and 75 eV were 
observed and were assign to Al (0) and Al2O3 respectively. In agreement with the TOF 
SIMS data, the intensity of Al(0) peak increased as the base pressure of the reaction 
decreased, suggesting that metallic aluminum was deposited (Figure 4.9). 
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Figure 4.9 Core-level C 1s, O 1s and Al 2p XPS spectra of -COOH terminated SAMs 
after exposure to TMA vapor for 15 min in a nitrogen-purged glove box, a reaction 
chamber with a base pressure of 2.2 × 10-7 Torr and a reaction chamber with a base 
pressure of 2.7 × 10-8 Torr. The fits to the data are shown in red. 
 
4.3.3  UV Photoassisted Al CVD on -OH, -COOH, and -CH3 terminated SAMs  
UV photoassisted Al CVD was also performed by exposing TMA to a deuterium lamp 
(160 nm - 500 nm). The UV light was maintained parallel to the SAMs surface in the 
deposition process so that the photooxidation of the SAMs was minimized. Figure 4.10 
shows the negative ion TOF SIMS spectra of the -OH, -COOH, and -CH3 terminated 
SAMs after 90s and 15 min UV irradiation. The MSO3- peaks in the spectra indicate that 
-COOH terminated SAMs were not oxidized, and the -OH and -CH3 terminated SAMs 
were slightly oxidized (Figure 4.10). 
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Figure 4.10 High resolution negative ion TOF SIMS spectra (m/z 0 – 600) of (a) -OH, (b) 
-COOH and (c) -CH3 terminated SAMs under parallel D2 lamp irradiation for 90s and 15 
minutes in a reaction chamber with a base pressure ≤ 2 × 10-8 Torr. 
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The use of UV light significantly increased the deposition rates on -OH and 
-COOH terminated SAMs, but had no effect on the deposition rate on -CH3 terminated 
SAMs (Figure 4.11). Under UV activation, the intensity of Al+ peak was 4 and 6 times 
larger on -OH and -COOH terminated SAMs, respectively, than after TMA exposure 
without UV light (Figure 4.11a, c) The AlO- peak intensity also increased significantly 
(Figure 4.11b,d ). In contrast, no evidence of TMA deposition was observed on -CH3 
terminated SAMs: no Al+ or AlO- ions were observed (Figure 4.11e, f). In agreement with 
our previous observations, TMA reacted with -OH and -COOH terminated SAMs but did 
not react with the -CH3 terminated SAMs. Further, the increase in the Al+ peak intensity 
(4 to 6 times) was significantly higher than the increase in the intensity of AlO- peak, 
suggesting that Al was the dominant product.  
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Figure 4.11 High resolution TOF SIMS spectra of Al+ (nominal mass m/z 27) and AlO- 
(nominal mass m/z 43) ions after (a,b) -OH, (c,d) -COOH and (e,f) -CH3 terminated 
SAMs were exposed to TMA for 90 L dose under D2 lamp irradiation in a reaction 
chamber with a base pressure ≤ 2 × 10-8 Torr. 
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4.3.4  Reaction Pathways of TMA CVD on Functionalized SAMs 
4.3.4.1  TMA Reaction with -OH and -COOH terminated SAMs 
The TOF SIMS and XPS data indicate that TMA reacted with -OH and -COOH 
terminated SAMs to form a surface-bound complex. Previous studies showed that TMA 
reacted with hydroxylated alumina via oxidative addition and the loss of methane gas.63, 
67, 68 A similar reaction mechanism is proposed here. The first step in the reaction is the 
oxidative insertion of TMA into the -OH and -COOH terminal groups to form a dimethyl 
aluminum complex (Scheme 4.1). Note the reaction is shown using a TMA dimer since it 
is know that gaseous TMA exists in this state at room temperature.69 This mechanism is 
also supported by UV photoactivated Al CVD data. It is known that TMA undergoes 
photodissociation at 193 nm, 248 nm, and 308 nm to generate an excited Al(CH3)2 
species.56, 57, 70, 71 These species more readily react with the -OH and -COOH terminal 
groups, and thus the deposition rate increases (Figure 4.11).  
 
 
Scheme 4.1 Proposed oxidative insertion of trimethylaluminum dimer with -OH and 
-COOH terminated SAMs to form a dimethyl aluminum complex and methane. 
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4.3.4.2  Deposition of Alumina and Aluminum Oxide on Functionalized SAMs 
Alumina was deposited on all SAMs studied when Al CVD was performed in a 
nitrogen-purged glovebox. In the initial stages of Al CVD, TMA is proposed to react with 
-OH and -COOH terminated SAMs to form dimethyl aluminum complexes (Scheme 4.1). 
The dimethyl aluminum complexes may react with H2O and O2 present in the glovebox 
to generate new Al-OH bonds (Scheme 4.2). These then react with gaseous TMA leading 
to formation of an alumina (Al2O3) overlayer. TMA can also react with O2 to form an 
oxide layer with higher Al/O ratio than Al2O3.72, 73  
 
 
Scheme 4.2 Proposed reaction of a surface dimethyl aluminum complex with water to 
form a hydroxylated surface and methane gas. 
  In contrast, TMA did not react with -CH3 terminated SAMs. No experimental 
evidence of TMA reaction with -CH3 terminated SAMs was observed in the TOF SIMS 
and XPS data, which agreed with previous DFT calculations.74 Since there was no 
reaction between TMA and the -CH3 terminal group and there were no oxygen containing 
groups in the SAM, alumina and aluminum oxide were deposited via physical adsorption 
after gas-phase reaction of TMA with H2O and O2 present in the environment. These 
species did not strongly adhere to the SAM surface, and so could be easily removed by 
O
Al
CH3H3C
+ 2H2O
O
Al
OHHO
+ 2CH4
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rinsing with organic solvents (Figure 4.3). 
4.3.4.3  Deposition of Aluminum on Functionalized SAMs 
Under very high vacuum conditions, TMA continued to deposit on -OH and -COOH 
terminated SAMs but no aluminum-containing species was deposited on -CH3 terminated 
SAMs. The deposition of Al(0) under high vacuum conditions is proposed to occur via 
the following process. Initially, TMA reacts with -OH and -COOH terminal groups to 
form a dimethyl aluminum species as in Scheme 4.1. The neighboring dimethyl 
aluminum complexes then react with each other to form a bridged dialuminum complex. 
Once formed, these dialuminum complexes rapidly disproportionate and lead to the 
deposition of Al(0). As the reaction continues, aluminum deposits via the dissociative 
adsorption of TMA on the surface and the evolution of ethane (Scheme 4.3).63, 68, 75 Since 
Al(0) is only observed when the H2O/O2 residual pressure in the deposition chamber is 
very low, this process must be much slower than the reaction of dimethyl aluminum with 
H2O as in Scheme 4.2.  
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Scheme 4.3 Proposed reaction of surface dimethyl aluminum complexes to produce Al(0) 
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4.3.5  Selective CVD on Patterned SAMs 
TMA can be employed to deposit selectively aluminum or alumina on the -COOH 
regions of -COOH/-CH3 patterned SAMs. When a patterned -COOH (bar area) / -CH3 
(square area) SAM was exposed to TMA vapor in a nitrogen-purged glovebox, alumina 
was selectively deposited in the -COOH terminated SAM areas but not on the -CH3 
terminated SAM areas (Figure 4.12). The Al+ ion signal intensity indicates that alumina 
has deposited on the -COOH terminated SAM but not on the -CH3 terminated SAM areas. 
The OH- ion intensity is indicative of the -COOH terminated SAM. However, if the 
deposition was performed using UV photoactivation of TMA at pressures ≤ 2 × 10-8 Torr, 
selective deposition of aluminum was achieved (Figure 4.13). The Al+ ion intensity 
indicates that Al(0) has deposited on the -COOH terminated SAM but not on the -CH3 
terminated SAM areas. The OH- ion intensity is indicative of -COOH terminated SAMs, 
and the molecular ion (AuA2-, A = S(CH2)15CH3) is indicative of -CH3 teminated SAMs. 
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Figure 4.12 TOF SIMS images of Al+ (m/z = 27) and OH- (m/z = 17) after a patterned 
-COOH/-CH3 terminated SAM was exposed to TMA for 3 min in a nitrogen-purged 
glove box followed by rinsing in hexane. Area of analysis: 500 × 500 μm2; 128 × 128 
pixels2. Intensity scale represents maximum ion count. 
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Figure 4.13 TOF SIMS images of Al+ (m/z = 27), OH- (m/z 17) and -CH3 terminated 
SAMs molecular ion Au2A-(A = S(CH2)15CH3, m/z 651) after a patterned -COOH/-CH3 
terminated SAM was exposed to TMA for 3min in a deposition chamber (base pressure ≤ 
2 × 10-8 Torr) with D2 lamp irradiation. Area of analysis: 500 × 500 μm2; 128 × 128 pixels2. 
Intensity scale represents maximum ion count. 
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4.4  Conclusions 
In summary, alumina and aluminum can be deposited on functionalized SAMs at room 
temperature using chemical vapor deposition. In a nitrogen-purged glovebox where ppm 
level H2O and O2 existed, alumina was deposited on -CH3, -OH and -COOH terminated 
SAMs. TMA reacted with -OH and -COOH terminated SAMs to form a dimethyl 
aluminum complex, and this surface-bound complex reacted with H2O and O2 to form 
alumina. There was no reaction between TMA and -CH3 terminated SAMs, and the 
deposited alumina could be removed from the surface by rinsing with hexane. In a 
deposition chamber with a pressure < 10-8 Torr, an Al overlayer was deposited on -OH 
and -COOH terminated SAMs, and no aluminum containing species deposited on -CH3 
terminated SAMs. UV light can be employed to increase the Al deposition rate on -OH 
and -COOH terminated SAMs. When a patterned -COOH/-CH3 SAM was exposed to 
TMA, alumina or aluminum can be selectively deposited in the -COOH terminated SAM 
regions. .  
  Chemical vapor deposition can be employed to fabricate stable metal, metal 
oxide or semiconductor thin films on functionalized SAMs. By controlling the surface 
functionalities and reaction conditions, these reactions can be selective.  
 
Appendix: High resolution negative ion TOF SIMS spectra m/z = 0 - 900 of -OH, 
-COOH and -CH3 terminated SAMs before and after exposure to TMA for 15 minutes in 
a reaction chamber with a base pressure of 2.7 × 10-8 torr；NMR spectra of 
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16-bromohexadecanoic acid, 16-bromohexadecanol, 16-bromohexadecyl acetate (18O2), 
16-thioacetyl hexadecyl acetate (18O2) and 16-mercaptohexadecanol (18O); IR spectrum 
of 16-mercaptohexadecanol (18O); These spectra can be found in the Appendix Figure 
A4.1 - A.7.  
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Chapter 5 
Electroless Deposition of Copper on Functionalized Alkanethiolate 
Self-Assembled Monolayers 
 
[Portions of this work have been published previously by Peng Lu and Amy V. 
Walker, Langmuir, 2007, 23, 12577-12582] 
 
Abstract: The reaction pathways involved in the electroless deposition of copper on 
-COOH, -CH3 and -OH terminated SAMs were investigated using time-of-flight 
secondary ion mass spectrometry (TOF SIMS) and scanning electron microscopy (SEM). 
Cu2+ ions formed Cu2+-carboxylate complexes on -COOH terminated SAMs. Copper was 
deposited on -COOH terminated SAMs at 22 °C and 45 °C from the reduction of 
Cu2+-carboxylate complexes. However, deposited Cu was not stabilized on -COOH 
terminated SAMs, and continued to penetrate to the Au/S interface after deposition. On 
-CH3 terminated SAMs, Cu2+ containing ions only weakly adsorbed on the SAM surface. 
Copper was deposited on -CH3 terminated SAMs at 22 °C but not at 45 °C because Cu2+ 
containing ions were not adsorbed stably on the SAM surface at 45 °C. Copper did not 
deposit on -OH terminated SAMs, because the hydroxyl terminal groups on the SAMs 
reacted with the reducing agent formaldehyde in plating solution to form acetals which 
prevented Cu deposition. 
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5.1  Introduction 
Since the mid 1990s, copper has been used as interconnects in microchips and for 
wiring.1-4 Copper is therefore of great interest to make metalized organic layers for 
applications in molecular/organic electronics5-18 and other polymeric structures. However, 
it is difficult to understand and control the interaction of copper with polymers because 
the polymer surface can not be systematically controlled.19-21 Self-assembled monolayers 
(SAMs) have highly organized structures with a uniform surface density of terminal 
groups.22-25 They are thus ideal model systems for studying the interaction of copper with 
organic substrates. 
  Physical vapor deposition (PVD) is usually employed to deposit metals on 
polymers and SAMs.26-46 The interactions between vapor-deposited copper and 
functionalized SAMs with -COOH,26, 27, 40, 47, 48 -CO2CH3,31, 35, 40 -OH,33, 38, 40 -OCH3,40, 44, 
45 and -CH331, 40, 49 terminal groups have been studied. On -COOH, -OH, and -CO2CH3 
terminated SAMs, there is a competition between Cu insertion into the C-O bonds of the 
terminal groups, stabilization at the SAM/vacuum interface via the formation of weak 
complexes, and penetration to the Au/S interface.40 On -OCH3 terminated SAMs, copper 
interacts weakly with the terminal groups and simultaneously penetrates through the 
SAM to the Au/S interface.40, 44, 46 Copper penetrates through the -CH3 terminated SAMs 
but does not interact with the terminal methyl group.31, 40, 49 On polymer surfaces, Cu also 
only weakly interacts with polymers, leading to poor interfacial adhesion and penetration 
of copper into the polymer film.19, 40, 50 
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  Compared to PVD, electroless deposition is a soft deposition technique and thus 
has several potential advantages. First, electroless deposition can be performed at low 
temperatures (≤ 50 °C) and thus has the potential to reduce or eliminate copper 
penetration through SAMs.51, 52 Second, as a solution phase technique, electroless 
deposition is convenient, inexpensive, and can be easily adapted to large area processing.  
  Several studies of copper electroless deposition on SAMs were reported.51-53 
Zangmeister and van Zee52 observed that copper was deposited on 4-mercaptobenzoic 
acid SAMs but not on octadecanethiolate or 3-mercaptobenzoic SAMs. They proposed 
that Cu2+ ions complexed with the deprotonated -COOH groups on the 4-mercapbenzoic 
acid SAM surface, but were sterically hindered from forming complexes with the 
carboxylic groups on the 3-mercapbenzoic acid SAM. Once the surface copper complex 
had formed, it was reduced by formaldehyde to deposit copper metal on the SAMs. 
Garno et al.51 also observed that copper could be deposited on -COOH terminated SAMs. 
They also noted that small amount of copper was deposited on -CH3 terminated SAMs 
but no copper was deposited on -OH terminated SAMs. 
  In this chapter, the electroless deposition of copper on functionalized SAMs was 
investigated. In agreement with previous studies,51 we observed that copper deposited on 
both -CH3 and -COOH terminated SAMs but not on -OH terminated SAMs. However, 
copper was observed to penetrate both -CH3 and -COOH terminated SAMs, indicating 
that the use of electroless deposition did not prevent copper penetration as previously 
suggested.51, 52 In addition, deposited copper was not stabilized on the SAMs, and copper 
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continued to penetrate through the SAMs after removal from the plating solution. Finally, 
we have shown that formaldehyde reacted with the hydroxyl groups on the -OH 
terminated SAMs to form acetals. The acetals prevented the formation of stable 
Cu2+-SAM complexes, so no copper was deposited on the -OH terminated SAMs. 
 
5.2  Experimental 
5.2.1  Materials 
Copper sulfate (≥ 99%), ethylene-1-diamine tetraacetic acid (EDTA) disodium salt 
dehydrate (≥ 99.0%), formaldehyde (37 wt% in water) and sodium hydroxide (≥ 98%, 
pellets) were purchased from Sigma Aldrich (Saint Louis, MO). Gold and chromium 
were obtained from Alfa Aesar Inc. and were of 99.995% purity. Hexadecanethiol (HDT) 
(99%), 16-mercaptohexadecanoic acid (MHA) (99%), and mercaptohexadecanol (MHL) 
(99%) were purchased from Asemblon, Inc. (Redmond, WA). Anhydrous ethanol (A.C.S. 
grade) was obtained from Aaper Alchohol (Shelbyville, KY). Native silicon oxide wafers 
(<111> orientation) were purchased from Addison Technologies, Inc. (Pottstown, PA) and 
were cleaned with piranha etch (H2SO4:H2O2 = 3:1) before use. All chemicals were used 
as-received and without further purification.  
5.2.2  SAMs Preparation 
Alkanethiolate SAMs adsorbed on gold substrates were prepared using previously 
published methods.54-56 Briefly, first Cr (~ 5 nm) and then Au (~ 100 nm) were thermally 
deposited onto clean Si native oxide wafers. The prepared Au substrates were then 
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immersed into a 1 mM ethanolic solution of the relevant alkanethiolate molecule for 24 h 
at ambient temperature (21 ± 2 °C) to prepare well-organized SAMs. For each batch, one 
sample (~ 1 cm × 1 cm) was taken and characterized using single-wavelength 
ellipsometry (Gaertner Scientific Corp., Skokie, IL) and TOF SIMS (ION TOF Inc., 
Chestnut Hill, NY) prior to electroless deposition to ensure that the SAMs were free of 
significant chemical contamination.  
5.2.3  Copper Electroless Deposition 
The plating solution was prepared using 4 mM CuSO4, 10 mM EDTA disodium salt, and 
10 mM formaldehyde. Before the addition of formaldehyde, the pH of the solution was 
adjusted to 12.8 with sodium hydroxide. It was used immediately after preparation. After 
addition of formaldehyde, samples were immersed in the plating solution for 60 min at 22 
°C and 45 °C. After removed from the solution, samples were rinsed thoroughly with 
copious deionized water and absolute ethanol, and dried with nitrogen gas. Samples were 
then immediately transferred to TOF SIMS or SEM for analysis.  
  To study the interaction between the plating solution and hydroxyl terminated 
SAMs, samples were immersed in four different solutions containing one component 
from the plating solution at 22 °C for 60 min. The solutions were 4 mM CuSO4, 10 mM 
EDTA disodium salt, 10 mM formaldehyde, and NaOH. The pH of each solution is 
adjusted to 12.8 with NaOH to mimic the plating conditions. 
5.2.4  Time-of-Flight Secondary Ion Mass Spectrometry (TOF SIMS) 
An ION TOF IV spectrometer (ION TOF Inc., Chestnut Hill, NY) equipped with a Bi 
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liquid metal ion gun was employed. Briefly, this instrument consists of an air lock, a 
preparation chamber and an analysis chamber, each separated by gate valves. The 
pressure of the preparation and analysis chambers were maintained at ≤ 3.8 × 10-9 mbar. 
The primary ions used in the analysis were Bi+ ions, which were accelerated to 25 keV 
and contained within a ~100 nm diameter probe beam. The analysis area was (100 × 100) 
μm2. The total accumulated primary ion dose was less than 1011 ions cm-2 and so all the 
spectra were acquired within the static regime.57 The ejected secondary ions were 
extracted into a time-of-flight mass spectrometer with a 2000V potential and were 
reaccelerated to 10 keV before reaching the detector. Peak intensities were reproducible 
to within ± 10% from scan to scan and from sample to sample. For each electroless 
deposition experiment, at least two samples were prepared and three areas on each 
sample were examined. Each presented data point is an average over at least six 
measurements. 
  A video camera (ExwaveHAD, Sony) mounted in the TOF SIMS analysis 
chamber was employed to obtain optical images. 
5.2.5  Scanning Electron Microscopy (SEM) 
SEM measurements were conducted on a Field Emission Scanning Electron Microscope 
(Hitachi s-4500) equipped with a NORAN Instruments energy dispersive x-ray (EDX) 
microanalysis system, a back scattering detector and a mechanical straining stage. 
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5.3  Results 
5.3.1  Copper Electroless Deposition on -COOH and -CH3 Terminated SAMs 
After 60 min deposition at 22 °C, SEM and optical images showed that copper was 
deposited on both -COOH and -CH3 terminated SAMs (Figure 5.1). In agreement with 
previous studies,52 copper crystallites of several micrometers in diameter were observed 
on the -COOH and -CH3 terminated SAM surfaces. In the TOF SIMS spectra, 
Cu-containing ions, including Cux+ (x = 1-3), were observed, indicating that copper has 
deposited on these SAMs (Figure 5.2). For -COOH terminated SAMs, CuCOO(CH2)x+ 
ions were observed in the positive ion TOF SIMS spectra, suggesting that copper weakly 
interacted with carboxylic terminal groups (Figure 5.3). No CuxOy± ions were observed, 
indicating that copper did not form a strong complex with the -COOH group by insertion 
into the C-O bond. There was no evidence that copper interacted with the -CH3 terminal 
groups: no Cu(CH)x(CH2)y± ions were observed.  
  When the deposition was performed at 45 °C, the intensities of copper ions (Cu+) 
and copper-containing ions (CuCOO(CH2)x+) increased for -COOH terminated SAMs, 
suggesting that more copper has deposited on the surface (Figure 5.2, Figure 5.3, 
Appendix A5.3). No Cux+ (x = 1-3) ions were observed on -CH3 terminated SAMs, 
indicating that copper has not deposited on the SAM at this temperature (Figure 5.2, 
Appendix A5.1). 
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Figure 5.1 (a, c) SEM and (b, d) optical images after copper electroless deposition at 22 
°C for 1h on (a, b) -COOH and (c, d) -CH3 terminated SAMs. The white patches in the 
SEM images indicate that copper crystallites have formed. In the optical images the size 
of the white box is 500 × 500 µm2.  
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Figure 5.2 High mass resolution positive ion TOF SIMS spectra of 63Cu+ (nominal mass 
m/z 63), on -COOH and -CH3 terminated SAMs prior to and after Cu electroless 
depositions for 1 h at 22 °C and 45 °C. The mass spectra were normalized to the intensity 
of the C5H3+ ion signal to make clear the changes in the mass spectra upon Cu deposition. 
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Figure 5.3 High mass resolution positive ion TOF SIMS spectra of 63CuCOO(CH2)4+ 
(nominal mass m/z 163), on -COOH terminated SAMs prior to and after Cu electroless 
depositions for 1 h at 22 °C and 45 °C. The ions were assigned based on accurate mass 
and fragmentation mechanism, and they were not structurally characterized. The mass 
spectra were normalized to the intensity of the C11H15O+ ion signal to make clear the 
changes in the mass spectra upon Cu deposition.  
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  Similar to the vapor deposition of Cu on SAMs, copper was also observed to 
penetrate through the monolayer to the Au/S interface after electroless deposition. In the 
positive ion mass spectra, CuSH2+ ions were observed after 60 min deposition at 22 °C 
and 45 °C on both -COOH and -CH3 terminated SAMs (Figure 5.4). For -COOH 
terminated SAMs, the CuSH2+ ion signal intensity greatly increased at 45 °C compared to 
22 °C, indicating that more copper penetrated to the Au/S interface. For -CH3 terminated 
SAMs, the intensity of CuSH2+ ion signal after 45 °C deposition was negligible, 
confirming that Cu did not deposit on the -CH3 terminated SAMs.  
 103
 
Figure 5.4 High mass resolution positive ion TOF SIMS spectra of 63CuSH2+ (nominal 
mass m/z 97) for (a) -COOH and (b) -CH3 terminated SAMs prior to and after Cu 
electroless depositions for 1h at 22 °C and at 45 °C. The ion intensities were normalized 
to the intensity of C7H13+ to make clear the changes in the mass spectra upon Cu 
deposition. 
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5.3.2  Stability of Cu Deposited on -COOH Terminated SAMs 
If the copper is stabilized at the SAM/vacuum (air) interface, it is expected that the 
intensities of the ions characteristic of the Cu-carboxylate interaction would remain 
approximately constant with time. In contrast, if the fragment ion intensities change 
significantly over time, it indicates that copper is not stabilized at the SAM terminal 
group and is diffusing to the Au/S interface. After deposition, the intensity of 
CuCOO(CH2)4+ ion, which is indicative of copper interaction with -COOH terminal 
groups, decreased significantly with time (Figure 5.5 a). For samples plated at 22 °C and 
45 °C, the intensities of the CuCOO(CH2)4+ ion were ~50% and ~60%, respectively, after 
2800 min (48 h) of deposition (Figure 5.5 a). At the same time, the intensity of CuSH2+ 
ion, which is characteristic of Cu penetration, increased with time (Figure 5.5 b). The ion 
intensity of CuSH2+ increased approximately 200% over 48 h when deposition was 
performed at 45 °C, and slightly increased after deposition at 22 °C (Figure 5.5 b). These 
observations suggest that the deposited copper was not stabilized on the -COOH 
terminated SAMs but slowly penetrated through the SAMs to the Au/S interface after 
deposition.  
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Figure 5.5 Integrated SIMS ion peak intensities of (a) 63CuCOO(CH2)4+ and (b) 
63CuSH2+  plotted versus time after Cu electroless depositions for 1h at 22 °C and 45 °C. 
The intensities of the 63CuCOO(CH2)4+ and 63CuSH2+ were normalized to C11H15O+ and 
C7H13+ respectively to make clear the changes in the SIMS spectra upon Cu electroless 
deposition. The dotted lines are drawn to guide the eyes. 
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5.3.3 Copper Electroless Deposition on -OH terminated SAMs 
In agreement with previous studies,51 copper did not deposit on -OH terminated SAMs 
after electroless deposition. After 60 min deposition at 22 °C and 45 °C, no evidence of 
copper deposition on -OH terminated SAMs was observed in the TOF SIMS spectra: 
Cux+ (x = 1-3), or other copper containing ions, were not observed (Figure 5.7). In 
addition, the SEM and optical images show that after electroless deposition, there were 
speckled areas on the SAM, suggesting that the -OH terminated SAM has been damaged 
(Figure 5.6). Together, these observations indicate that -OH terminated SAMs reacted 
with the plating solution, and the reaction prevented copper deposition.  
 
50 μm
a)                         b)
 
Figure 5.6 (a) SEM and (b) optical images after copper electroless deposition at 22 °C 
for 1h on -OH terminated SAMs. In the optical images the size of the white box is 500 × 
500 µm2. 
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Figure 5.7 (a) Positive, (b) Negative ion TOF SIMS spectra (m/z 2-500) for -OH 
terminated SAMs prior to and after Cu electroless depositions at 22 °C and at 45 °C for 1 
h. 
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  To investigate the interactions between -OH terminated SAMs and the plating 
solution, SAM samples were immersed in solutions containing the individual components 
of the deposition bath for 1 h at 22 °C. The solutions tested were 4 mM CuSO4, 10 mM 
EDTA disodium, 10 mM formaldehyde, and 100mM NaOH. The pH of each solution was 
kept at 12.8 to mimic the plating conditions. After immersion in the copper sulfate 
solution, the positive TOF SIMS spectra indicate that Cu2+ ions had adsorbed on -OH 
terminated SAMs. This suggests that it was not the adsorption of Cu ions on the -OH 
terminated SAMs which prevented the electroless deposition of Cu. No reaction was 
observed between -OH terminated SAMs and either EDTA or NaOH solutions (data not 
shown). However, the data indicate that formaldehyde reacted with -OH terminated 
SAMs. In the positive ion mass spectra, ions of the form of [(CH2)xO-(CH2)-O(CH2)x]+ 
were observed, indicating that acetals had formed on the SAM surface (Figure 5.8). It is 
likely that this reaction prevented the deposition of copper on -OH terminated SAMs. 
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Figure 5.8 High resolution positive ion TOF SIMS spectra of (a) Cu+ (nominal masses 
m/z 63, 65) and (b) [(CH2)12O-CH2-O(CH2)11]+ (nominal mass m/z 368) after immersion 
of -OH terminated SAMs in CuSO4 and HCHO solutions, respectively, at 22 °C for 1h. 
The ions were assigned based on accurate mass and fragmentation mechanism, and they 
were not structurally characterized. 
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5.4  Discussion 
In general, copper electroless deposition on semiconductors and metals is believed to 
proceed via two half-cell reactions in the presence of formaldehyde:  
2HCHO + 4OH- → 2HCOO- + H2 + 2 H2O + 2e- 
  CuEDTA2- + 2e- → Cu + EDTA4- 
While there have been many studies on the electroless deposition of copper, no definitive 
mechanism has been established.58-60  
  In the studies by Zangmeister and van Zee,52 a mechanism involving the 
reduction of a copper-SAM complex by formaldehyde was proposed. Based on this 
mechanism, we propose the following reaction pathways for copper electroless 
deposition on functionalized SAMs. Upon immersion in the plating solution, Cu2+ ions 
form complexes with -COOH terminal groups (Figure 5.3). Cu2+ ions only weakly adsorb 
on -CH3 terminated SAMs. A Cu2+-SAM complex can not form on -OH terminated 
SAMs because the -OH terminal groups react with formaldehyde to form acetals, which 
prevent Cu2+ ions complexing with the -OH terminated SAMs (Figure 5.8). The pH of the 
plating solution (~12.8) is higher than the pKa of hexadecanoic acid films (~8.5 - 8.8),61 
and thus it is likely that many of the -COOH groups on the SAM have deprotonated and 
complexed with Cu2+ ions. Once formed, the Cu2+-carboxylate complexes are reduced to 
copper by formaldehyde (Scheme 5.1). Additional Cu2+ ions can then adsorb on the 
copper surface and be reduced.58 
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Scheme 5.1 Formaldehyde reduction of Cu2+ complexed to the terminal group of -COOH 
terminated SAMs.  
 
  This mechanism explains two experimental observations. First, copper 
crystallites rather than a smooth copper film were observed. The equilibrium constant 
between Cu2+ and carboxylic acid is very low (< 100)62 compared with the binding 
constant of Cu2+ and EDTA (5 × 1018 at experimental conditions).63 Given the large 
EDTA concentration in the plating solution, few Cu2+-carboxylate complexes form and 
thus are sparsely distributed on the -COOH terminated SAM. These complexes provide 
nucleation sites for further copper deposition, and thus copper crystallites were observed 
to grow rather than a smooth copper film. Second, at 45 °C Cu2+ ions could still form 
complexes with -COOH terminated SAMs. However, the interaction between Cu2+ and 
-CH3 terminal groups is very weak, and so Cu2+ ions are not stabilized on the SAM 
surface. Thus copper deposits on -COOH terminated SAMs but not on -CH3 terminated 
SAMs at 45 °C. 
  Finally, the increase in the amount of Cu penetration through -COOH terminated 
SAMs at 45 °C can be explained in the following way. Self-assembled monolayers are 
able to diffuse on the surface, generating transient defects. In agreement with the hopping 
mechanism proposed by Walker, Allara, Winograd and co-workers,29, 34, 44 as the 
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temperatures of the bath increases the diffusion rate of the SAM increases, creating more 
transient defects which lead to an increase in the Cu penetration through the monolayer.  
 
5.5  Conclusions 
In summary, the reaction pathways involved in the electroless deposition of Cu on 
functionalized alkanethiolate SAMs are as follows. Upon immersion in the plating 
solution, Cu2+ ions form weak complexes with -CH3 and -COOH terminated SAMs, but 
not with -OH terminated SAMs. This is because -OH terminal groups react with 
formaldehyde in the plating solution to form acetals, which prevent Cu2+ adsorption. 
Once formed, the surface Cu complexes can be reduced to Cu0 by formaldehyde. As the 
deposition proceeds, additional Cu2+ ions adsorb on the copper surface and are reduced. 
After electroless deposition, scattered copper crystallites form on -CH3 and -COOH 
terminated SAMs. This is because the association constants of Cu2+ with the terminal 
groups are very low, and thus the Cu2+ surface complexes that act as copper nucleation 
sites are sparsely distributed on the SAM surface.  
  For a successful electroless deposition on SAMs, two requirements must be 
considered. First, the deposition should be selective. Our studies indicate that the 
selectivity of copper electroless deposition can be controlled by varying the SAMs 
terminal functionality and the reaction temperature. Second, the deposited copper layer 
should be stabilized at the SAM/air interface. In this study, copper was observed to 
penetrate through the monolayer to the Au/S interface during the deposition and 
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continued to penetrate through the SAM even after removal from the plating solution. In 
order to fabricate stable metal/SAM junctions for use in molecular architectures, an 
alternative copper electroless deposition process that leads to the formation of stable 
metal overlayers with negligible metal atom penetration must be developed. A potential 
solution is to speed up the reaction by adding organic additives and/or forming a catalyst 
seed layer. In this case the Cu penetration is decreased because the Cu-Cu interaction is 
so strong.27 
 
Appendix: Positive and negative ion mass spectra (m/z = 2-500) of -CH3 and -COOH, 
SAMs prior to and after Cu electroless deposition at 22 °C and 45°C: These figures can 
be found in Appendix Figures A5.1-A5.4. 
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Chapter 6 
Preventing Metal Penetration and Selective Deposition of Copper on 
Functionalized Self-Assembled Monolayers 
 
Abstract: The use of “seeding” and organic additives to increase the copper electroless 
deposition rate on -COOH terminated SAMs was investigated. In the “seeding” step, 
-COOH terminated SAMs were immersed in a plating solution containing Cu2+ ions for 
15 min to form a Cu2+-carboxylate catalyst layer, prior to the addition of the reducing 
agent formaldehyde. “Seeding” increased copper deposition rate dramatically, but did not 
prevent copper penetration through the SAMs. Organic additives, adenine and guanine, 
were also employed to improve the deposition rate. However, additives slowed down the 
deposition rate compared with “seeded” deposition. However, additives were observed to 
affect copper penetration through the SAMs to the Au/S interface. With adenine as 
additive, no copper penetration was observed on -COOH terminated SAMs after Cu 
electroless deposition. Using guanine as additive, copper penetration was also 
significantly reduced but not eliminated. Adenine and guanine formed large 
additive-SAM complexes, which affected Cu penetration, with -COOH terminated SAMs. 
When electroless deposition was performed under “seeded” conditions with adenine as 
additive at 45 °C, copper was selectively deposited in the -COOH terminated SAM 
regions of a patterned -COOH/-CH3 SAM. 
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6.1  Introduction 
In Chapter 5, we demonstrated that copper can be deposited on -CH3 and -COOH 
terminated SAMs by using electroless deposition. However, the deposited copper poorly 
adhered to the SAM surfaces and penetrated through the monolayer to the Au/S interface 
for at least 48 h after deposition ceased.1 This suggests that the previous electroless 
deposition conditions were not suitable to make stable metal/SAM/metal or 
metal/SAM/semiconductor junctions for use in molecular devices.2, 3 Thus new 
electroless deposition processes are required to form stable metal overlayers on the 
SAMs.  
  Previous studies on vapor-deposited copper on SAMs showed that less copper 
penetration occurred when the deposition rate was faster.4, 5 This is because the Cu-Cu 
interaction is very strong, and thus Cu-Cu binding is favored upon deposition over copper 
penetration through the SAM to the Au/S interface. For an electroless deposition, two 
approaches are generally employed to speed up a reaction. First, a seed layer of a catalyst, 
typically Sn or Pd, can be used.6-12 Second, organic additives (e.g. adenine and guanine, 
Figure 6.1) have been employed to accelerate the copper electroless deposition, alter the 
film growth kinetics, and control the properties of the deposited films in copper 
electroless deposition.13-15 For example, Paunovic et al.14 demonstrated that adenine and 
guanine accelerated the rate of copper electroless deposition and suppressed metallic 
copper oxidation.  
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Figure 6.1 Structures of additives (a) adenine (b) guanine. 
 
  In the research reported in this chapter, we investigated the use of a seeding Cu 
layer and organic additives, adenine and guanine, in Cu electroless deposition -COOH 
terminated SAMs. Cu was employed as the seed layer rather than Pd or Sn since Cu(I), 
Cu(II) and Cu(0) are know to be catalytically active.16-19 Seeding significantly increased 
the copper deposition rate, but copper still penetrated through the SAMs. Seeding and 
using the additives, adenine or guanine, led to a decreased deposition rate compared with 
seeding alone, but the rate was still higher than that in a seedless deposition. Adenine 
prevented copper penetration through the monolayer, but guanine only reduced the extent 
of copper penetration. Adenine and guanine complexed with -COOH terminal groups and 
provided a barrier for copper to penetrate through the monolayer. Selective copper 
deposition in -COOH terminated SAM regions of -COOH/-CH3 patterned SAMs was 
also achieved by employing seeding and adenine. 
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6.2  Experimental 
6.2.1  Materials 
Copper sulfate (≥ 99%), ethylene-1-diamine tetraacetic acid (EDTA) disodium salt 
dehydrate (≥ 99.0%), formaldehyde (37 wt% in water), sodium hydroxide (≥ 98%, 
pellets), adenine (≥ 99%) and guanine (≥ 99%) were purchased from Sigma Aldrich 
(Saint Louis, MO). Gold and chromium were obtained from Alfa Aesar Inc. and were of 
99.995% purity. Hexadecanethiol (HDT) (99%), 16-mercaptohexadecanoic acid (MHA) 
(99%), and mercaptohexadecanol (MHL) (99%) were purchased from Asemblon, Inc. 
(Redmond, WA). Anhydrous ethanol (A.C.S. grade) was obtained from Aaper Alchohol 
(Shelbyville, KY). Native silicon oxide wafers (<111> orientation) were purchased from 
Addison Technologies, Inc. (Pottstown, PA) and were cleaned with piranha etch 
(H2SO4:H2O2 = 3:1) before use. All chemicals were used as-received and without further 
purification. 
6.2.2  SAM Preparation 
Alkanethiolate SAMs adsorbed on gold substrates were prepared using previously 
published methods.20-23 Briefly, first Cr (~ 5 nm) and then Au (~ 100 nm) were thermally 
deposited onto clean Si native oxide wafers. The prepared Au substrates were then 
immersed into a 1 mM ethanolic solution of the relevant alkanethiolate molecule for 24 h 
at ambient temperature (21 ± 2 °C) to prepare well-organized SAMs. For each batch, one 
sample (~ 1 cm × 1 cm) was taken and characterized using single-wavelength 
ellipsometry (Gaertner Scientific Corp., Skokie, IL) and TOF SIMS (ION TOF Inc., 
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Chestnut Hill, NY) prior to electroless deposition to ensure that the SAMs were free of 
significant chemical contamination.  
6.2.3  Copper Electroless Deposition 
The plating solution was prepared using 4 mM CuSO4, 10 mM EDTA disodium salt, and 
10 mM formaldehyde. Before the addition of formaldehyde, the pH of the solution was 
adjusted to 12.8 with sodium hydroxide. It was used immediately after preparation. Two 
experimental conditions were employed. Under the “unseeded” conditions, samples were 
immersed in the plating solution after addition of formaldehyde. In contract, under the 
“seeded” conditions, samples were kept in the Cu2+ ion-containing solution for 15 min 
prior to addition of formaldehyde. This step is called “seeding”. After addition of 
formaldehyde, samples were kept in the plating solution at 45 °C for 60 min. After 
removal from the solution, samples were rinsed thoroughly with copious deionized water 
and absolute ethanol, and dried with nitrogen gas. Samples were then immediately 
transferred to TOF SIMS or SEM for analysis.  
  Adenine and guanine were used as additives in a second series of electroless 
deposition experiments. The concentration of the additive in the plating solution was 0.04 
mM. The samples were seeded in the plating solution containing either adenine or 
guanine for 15 min. Copper electroless deposition was performed at 45 °C for 60 min. 
After removal from the solution, samples were rinsed thoroughly with copious deionized 
water and absolute ethanol, and dried with N2 before TOF SIMS and SEM 
characterization.  
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6.2.4  UV Photopatterning of SAMs 
UV photopatterning was employed to prepare the patterned -COOH/-CH3 SAM 
following the method of Zhou & Walker.24-26 Briefly, a copper mask (Electron 
Microscopy, Inc. Hatfield, PA) was placed on the -COOH terminated SAM (MHA). The 
sample was placed approximately 50 mm away from a 500 W Hg arc lamp equipped with 
a dichroic mirror and a narrow-band-pass filter (280-400 nm) (Thermal Oriel, Spectra 
Physics Inc., Stratford, CT). The -COOH terminated SAM was then exposed to the UV 
light for 2 h photooxidation. After UV exposure, the photooxidized -COOH terminated 
SAM was immersed into a freshly made 1 mM -CH3 terminated alkanethiol (HDT) 
ethanolic solution for 24 h. In the areas exposed to UV light, the -CH3 terminated SAM 
was adsorbed, creating a HDT/MHA patterned surface. After removal from the HDT 
solution, the samples were rinsed thoroughly with copious degassed ethanol and dried 
with nitrogen before electroless deposition.  
6.2.5  Time-of-Flight Secondary Ion Mass Spectrometry (TOF SIMS) 
An ION TOF IV spectrometer (ION TOF Inc., Chestnut Hill, NY) equipped with a Bi 
liquid metal ion gun was employed. Briefly, this instrument consists of an air lock, a 
preparation chamber and an analysis chamber, each separated by gate valves. The 
pressure of the preparation and analysis chambers were maintained at ≤ 3.8 x 10-9 mbar. 
The primary ions used in the analysis were Bi+ ions, which were accelerated to 25 keV 
and contained within a ~100 nm diameter probe beam. The analysis area was (100 × 100) 
μm2. Total accumulated primary ion dose was less than 1011 ions cm-2, and so all the 
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spectra were acquired within the static regime.27 The ejected secondary ions were 
extracted into a time-of-flight mass spectrometer with a 2000 V potential and were 
reaccelerated to 10 keV before reaching the detector. Peak intensities were reproducible 
to within ± 10% from scan to scan and from sample to sample. For each electroless 
deposition experiment, at least two samples were prepared and three areas on each 
sample were examined. Each presented data point is an average over at least six 
measurements, and the error bars show the standard deviations. 
  A video camera (ExwaveHAD, Sony) mounted in the TOF SIMS analysis 
chamber was employed to obtain optical images. 
6.2.6  Scanning Electron Microscopy (SEM) 
SEM measurements were conducted on a Field Emission Scanning Electron Microscope 
(Hitachi s-4500) equipped with a NORAN Instruments energy dispersive x-ray (EDX) 
microanalysis system, a back scattering detector and a mechanical straining stage.  
 
6.3  Results and Discussion 
6.3.1 Seeded Copper Electroless Deposition on -COOH and -CH3 terminated 
SAMs 
Immersion of the SAM into a bath containing Cu2+ ions, EDTA and sodium hydroxide for 
15 min prior to addition of formaldehyde (“seeded” conditions) was observed to greatly 
enhance the rate of copper deposition on -COOH terminated SAMs (Figure 6.2). In 
contrast to the “unseeded” conditions (immediate immersion in a bath with Cu2+ ions and 
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formaldehyde), a densely packed layer of submicron copper crystallites was observed 
after 1 h reaction at 45 °C. The TOF SIMS spectra confirm that more copper was 
deposited: the intensity of Cu+ ions on -COOH terminated SAMs significantly increased 
under the “seeded” conditions (Figure 6.3 a). Further, the Cu+ ions intensity remained 
approximately constant after sonication of the sample, indicating that the deposited 
copper layer formed under “seeded” conditions strongly adhered to -COOH terminated 
SAMs (Figure 6.3 b).  
 
 
Figure 6.2 (a, c) SEM and (b, d) optical images after copper electroless deposition at 45 
°C for 1 h on -COOH terminated SAMs under (a, b) unseeded conditions, and (c, d) 
seeded conditions. In the optical images the size of the square box is 500 × 500 µm2.  
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Figure 6.3 High mass resolution positive ion TOF SIMS spectra of 63Cu+ ion (nominal 
mass m/z 63) on -COOH terminated SAMs after 1 h Cu electroless deposition at 45 °C (a) 
under unseeded and seeded conditions, (b) seeded sample prior to and after sonication in 
deionized water for 3 min  
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The SIMS mass spectra also show that seeding leads to an increase in the 
number of Cu2+-carboxylate ions present on the surface. In Figure 6.4, it can be seen that 
the ion intensity of Cu(COO)(CH2)4+, a characteristic ion of the Cu2+-carboxylate surface 
complex, was greatly increased using seeded deposition. These observations suggest that 
the increase in the deposition rate is caused by the increase in the number of 
Cu2+-carboxylate surface complexes present on the surface, which serve as nuclei for the 
subsequent Cu deposition.28 
 
Figure 6.4 High mass resolution positive ion TOF SIMS spectra of CuCOO(CH2)4+ ion 
(nominal mass m/z 163) on -COOH terminated SAMs after Cu electroless depositions for 
1h at 45 °C under unseeded and seeded conditions. The ions were assigned based on 
accurate mass and fragmentation mechanism, and were not structurally characterized. 
The ion intensities were normalized to the intensity of C11H15O+ ions to make clear the 
changes in the mass spectra upon Cu deposition. 
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However, seeding did not prevent copper penetration through the -COOH 
terminated SAM to the Au/S interface. Using “seeded” and “unseeded” deposition 
conditions, CuSH2+ ions were observed in the positive ions mass spectra, indicating that 
Cu had penetrated through the monolayer. 
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Figure 6.5 High mass resolution positive ion TOF SIMS spectra of CuSH2+ ion (nominal 
mass m/z 97) on -COOH terminated SAMs after Cu electroless depositions for 1h at 45 
°C under unseeded and seeded conditions. The ion intensities were normalized to the 
intensity of C7H13+ ions to make clear the changes in the mass spectra upon Cu 
deposition. 
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  Finally, it is noted that the seeding step also increased the copper deposition rate 
on -CH3 terminated SAMs. Under the “unseeded” conditions, no Cux+ ions were observed 
in the TOF SIMS spectra, indicating that there was little/no copper deposition on the 
surface. In contrast, under the “seeded” conditions, signals for Cux+ ions had a high 
intensity, suggesting that Cu was deposited on -CH3 terminated SAMs (Figure 6.6 a). 
However, the deposited copper only weakly adhered to the -CH3 terminated SAM surface 
and could easily be removed using sonication (Figure 6.6 b).  
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Figure 6.6 High mass resolution positive ion TOF SIMS spectra of 63Cu+ ion (nominal 
mass m/z 63) on -CH3 terminated SAMs after 1 h Cu electroless deposition at 45 °C (a) 
under unseeded and seeded conditions, (b) seeded sample prior to and after sonication in 
deionized water for 3 min. The ion intensities were normalized to the intensity of C5H3+ 
ions to make clear the changes in the mass spectra upon Cu deposition. 
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6.3.2 Copper Electroless Deposition on -COOH terminated SAMs Using Organic 
Additives 
Additives, such as adenine or guanine, were demonstrated to increase the rate of copper 
electroless deposition.14 However, it was observed in the TOF SIMS spectra that under 
“seeded” conditions, the amount of copper decreased when adenine or guanine was added 
to the bath (Figure 6.7), suggesting that the additives impeded copper deposition under 
these conditions. Finally, it is noted that the deposition rate was still larger than under 
“unseeded” conditions. The most likely reason for the reduction in the deposition rate is 
that the number of Cu2+-carboxylate complexes has been reduced. In the TOF SIMS 
spectra, CuCOO(CH2)4+ ion intensity decreased significantly after addition of guanine, 
and was approximately zero after addition of adenine (Figure 6.8). 
  The TOF SIMS data also indicate that after adding adenine or guanine to the 
bath, copper penetration through the -COOH terminated SAMs was significantly reduced. 
After addition of adenine, the ion intensity of CuSH2+, a characteristic ion of Cu 
penetration through the layer, was reduced to zero in the TOF SIMS spectra. Using 
guanine as additive, the CuSH2+ ion intensity also decreased to ~1/3 of the intensity 
observed under seeded or unseeded conditions (Figure 6.9).  
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Figure 6.7 High mass resolution positive ion TOF SIMS spectra of 63Cu+ ion (nominal 
mass m/z 63) on -COOH terminated SAMs prior to and after Cu electroless depositions at 
45 °C for 1 h with (a) adenine, (b) guanine as additive. The ion intensities were 
normalized to the intensity of C5H3+ ions to make clear the changes in the mass spectra 
upon Cu deposition. 
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Figure 6.8 High mass resolution positive ion TOF SIMS spectra of 63CuCOO(CH2)4+ ion 
(nominal mass m/z 163) on -COOH terminated SAMs prior to and after Cu electroless 
depositions at 45 °C for 1h with (a) adenine, (b) guanine as additive. The ion intensities 
were normalized to the intensity of C11H15O+ to make clear the changes in the mass 
spectra upon Cu deposition. 
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Figure 6.9 High mass resolution positive ion TOF SIMS spectra of 63CuSH2+ ion 
(nominal mass m/z 97) on -COOH terminated SAMs prior to and after Cu electroless 
depositions at 45 °C for 1h with (a) adenine, (b) guanine as additive. The ion intensities 
were normalized to the intensity of C7H13+ to make clear the changes in the mass spectra 
upon Cu deposition. 
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  There are two possible ways that the addition of adenine and guanine reduced 
the amount of copper penetration: a) they may form large Cu2+-adenine or Cu2+-guanine 
complexes that can not diffuse through the SAM layer;29-32 and b) the carboxylate SAM 
terminal groups interact with adenine or guanine which prevents copper penetration.  
  To test whether the formation of large Cu2+-adenine or Cu2+-guanine complexes 
was responsible for the observed decrease/elimination of Cu penetration, the following 
experiment was performed. Adenine (or guanine) was added to the bath containing Cu2+ 
ions, EDTA and NaOH and allowed to stand 15 min prior to addition of formaldehyde 
and the sample. If the formation of large Cu2+ complexes was responsible for the decrease 
in Cu penetration, it is expected that there would be a decrease in the CuSH2+ ion 
intensity.  
  In the TOF SIMS spectra, it was observed that the CuSH2+ ion intensity was 
significantly higher than under standard conditions (seeded conditions in which the 
organic additives are added to the bath along with the sample), indicating that more 
copper penetrated through the SAMs (Figure 6.10). These observations suggest that the 
formation of larger Cu2+ complexes was not responsible for the observed decrease in 
copper penetration. 
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Figure 6.10 High mass resolution positive ion TOF SIMS spectra of 63CuSH2+ ion 
(nominal mass m/z 97) on -COOH terminated SAMs after Cu electroless depositions at 
45 °C for 1 h. (a) with adenine as additive under standard and Cu2+-adenine complex 
formation conditions; (b) with guanine as additive under standard and Cu2+-guanine 
complex formation conditions. The ion intensities were normalized to the intensity of 
C7H13+.  
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  Rather, the TOF SIMS spectra suggest that the formation of adenine- or 
guanine-terminal group complexes was responsible for the observed decrease in the 
copper penetration. A series of ions of the form adenine-(COO)2(CH2)x(CH)y+ and 
guanine-(COO)2(CH2)x(CH)y+ were observed in the TOF SIMS spectra, indicating that 
adenine and guanine complexed with the -COOH terminated SAM surface (Figure 6.11). 
These ions were assigned based on accurate mass and were not structurally characterized. 
The low ion intensity of the guanine complexes suggest that fewer guanine-terminal 
group complexes formed compared to adenine. Further, these complexes were weakly 
bound to the SAM and could be removed via sonication in deionized water (Figure 6.11).  
  To test whether these surface complexes aid in the prevention of Cu penetration 
to the Au/S interface, the adenine (or) guanine was added to the bath solution at the same 
time as the reducing agent, formaldehyde. This minimized the time for additive surface 
complexes to form. The TOF SIMS data show that the adenine (or guanine) surface 
complexes were significantly reduced: the intensities of adenine-(COO)2(CH2)19(CH)6+ 
and guanine-(COO)2(CH2)15(CH)8+ ions were greatly decreased (Figure 6.12).  
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Figure 6.11 High mass resolution positive ion TOF SIMS spectra of (a) adenine-surface 
complex ions and (b) guanine-surface complex ions on -COOH terminated SAMs prior to 
and after 3 min sonication in deionized water. The ions were assigned based on accurate 
mass and were not structurally characterized. The deposition was performed under 
standard seeded conditions at 45 °C for 1 h with (a) adenine and (b) guanine as additive. 
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Figure 6.12 High mass resolution positive ion TOF SIMS spectra of (a) adenine-surface 
complex ions and (b) guanine-surface complex ions on -COOH terminated SAMs after 
Cu electroless deposition at 45 °C for 1 h. The ions were assigned based on accurate mass 
and were not structurally characterized. “Adenine” and “Guanine” indicate the deposition 
was under standard seeded conditions, and “Adeine/HCHO” and “Guanine/HCHO” 
indicate that additives were added together with formaldehyde.  
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  Consistent with the reduction in the intensities of adenine (or guanine) surface 
complex ions, there was an increase in the Cu(COO)(CH2)4+ ion intensity, which is 
characteristic of the Cu2+-carboxylate terminal group interaction (Figure 6.13). Further, in 
the TOF SIMS spectra, the ion intensity for the CuSH2+ ions was also observed to 
increase when the organic additive and formaldehyde were added to the plating solution 
simultaneously (Figure 6.14). These observations suggest that the formation of 
additive-surface complexes mediate the Cu2+ surface interaction, and so aid in the 
prevention of Cu penetration through the monolayer. 
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Figure 6.13 High mass resolution positive ion TOF SIMS spectra of 63CuCOO(CH2)4+ 
ion (nominal mass m/z 163) on -COOH terminated SAMs after Cu electroless depositions 
at 45 °C for 1h with (a) adenine (b) guanine as additive. “Adenine” and “Guanine” 
indicate the deposition was under standard seeded conditions, and “Adeine/HCHO” and 
“Guanine/HCHO” indicate that additives were added together with formaldehyde. The 
ion intensities were normalized to the intensity of C11H15O+. 
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Figure 6.14 High mass resolution positive ion TOF SIMS spectra of 63CuSH2+ ion 
(nominal mass m/z 97) on -COOH terminated SAMs after Cu electroless depositions at 
45 °C for 1h with (a) adenine (b) guanine as additive. “Adenine” and “Guanine” indicate 
the deposition was under standard seeded conditions, and “Adeine/HCHO” and 
“Guanine/HCHO” indicate that additives were added together with formaldehyde. The 
ion intensities were normalized to the intensity of C7H13O+. 
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6.3.3 Reaction Pathways Involved in Copper Electroless Deposition 
In Chapter 5, copper electroless deposition on functionalized SAMs was proposed to 
occur as follows. Upon immersion in the plating solution, Cu2+ ions form weak 
Cu2+-carboxylate complexes with -COOH terminated SAMs. Once formed, these 
complexes are reduced to Cu(0) by formaldehyde. On -CH3 terminated SAMs, there is no 
specific Cu2+-surface interaction. However, at 22 °C, Cu is deposited on -CH3 terminated 
SAMs; the Cu nucleates at the Cu2+ ions trapped on the surface. At high temperature 
(45°C), Cu2+ ions are no longer stabilized on -CH3 terminated SAMs and thus no copper 
can be deposited.  
The above studies support this mechanism. First, seeding increased copper 
deposition on -COOH terminated SAMs. This is because the number of Cu2+-surface 
complexes, which were the nucleation sites for copper deposition, was increased under 
“seeded” condition. Second, the organic additives, adenine and guanine, were observed to 
reduce significantly Cu penetration through the monolayer, and indeed prevent it in the 
case of adenine. The most likely reason for this is that adenine and guanine formed bulky 
additive-surface complexes that mediated the Cu2+-surface interaction. There were fewer 
Cu nucleation sites on the surface since the Cu2+-carboxylate interaction was reduced. 
Thus, copper was more likely to nucleate at one of these points or in solution, rather than 
penetrate through the monolayer. The data suggest that more adenine-carboxylate 
complexes were formed than guanine-carboxylate complexes. Thus, adenine is a more 
effective additive to prevent Cu penetration in agreement with the experiment. 
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6.3.4 Selective Copper Electroless Deposition on Patterned SAMs 
The data indicate that selective deposition of copper can be achieved on -COOH/-CH3 
terminated SAMs under the following conditions:  
a) bath temperature 45 °C. At this temperature, the amount of deposited copper 
on -CH3 terminated SAMs is greatly reduced (negligible);  
b) seeded conditions with adenine. Under these conditions, the Cu deposition 
rate is greatly increased, and the penetration of Cu through the monolayer is eliminated.  
Figure 6.15 shows an example of the data obtained: optical, SEM and TOF 
SIMS images of a patterned -COOH/-CH3 SAM after Cu electroless deposition at 45 °C 
for 30 min under “seeded” conditions with adenine in the bath. The optical and SEM 
images indicate that copper layers formed only in the -COOH terminated SAM areas (the 
“bar” areas), and no copper deposited in the -CH3 terminated SAM areas (the “square” 
areas). In the TOF SIMS images, 63Cu+ ions were only observed in the -COOH 
terminated regions, indicating that copper only deposited on these areas. 
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63Cu+ OH- AuM2-
 
Figure 6.15 (a) Optical; (b, c) SEM; TOF SIMS images centered at (d) 63Cu+ (m/z 63), (e) 
OH- (m/z 17), (f) -CH3 SAM molecular ion AuM2- (m/z 711, M = S(CH2)15CH3) after 
copper electroless deposition on a patterned -COOH/-CH3 SAM surface at 45 °C for 30 
min. The sample was sonicated in deionized water for 3 min before SEM and TOF SIMS 
characterization. The lined pattern in the optical image shows that copper has formed a 
film on the -COOH terminated areas. OH- ion is a characteristic ion of the -COOH 
terminated SAM and AuM2- ion is a characteristic ion of the -CH3 terminated SAM. The 
intensity of the 63Cu+ ion indicates that copper has selectively deposited on -COOH 
terminated areas. The dark gray areas in the SEM images indicate that copper crystallites 
have formed only on -COOH terminated areas. Parameters of TOF SIMS analysis: 
primary ion, Bi+; kinetic energy = 25 keV; area of analysis = (100 × 100) μm2, (128 × 128) 
pixels2. Intensity scale represents maximum ion count. 
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6.4  Conclusions 
Selective electroless copper deposition can be achieved using seeding and by the addition 
of adenine to the bath. Seeding enhanced the formation of Cu2+-carboxylate complexes, 
which were the nucleation sites for copper deposition, so improved copper deposition 
rates on -COOH terminated SAMs. The deposited copper strongly adhered to the SAM 
surface. On -CH3 terminated SAMs, more Cu2+ ions adsorbed on the SAMs during 
seeding and so the copper deposition rate also increased. However, in contrast to -COOH 
terminated SAMs, the deposited copper only loosely adhered to -CH3 terminated SAMs 
and could be easily removed using sonication. 
Copper penetration through -COOH terminated SAMs was greatly reduced by 
adding adenine or guanine to the plating solution. The adenine and guanine surface 
complexes mediated the Cu2+-SAM interaction. Adenine formed a large number of 
surface complexes, and so was more effective at preventing copper penetration. No 
copper penetration was observed if adenine was added to the bath. 
The data clearly show that on organic surfaces, the reaction pathways involved 
in electroless deposition are strongly dependent on the formation of surface complexes. 
These complexes not only serve as nucleation sites for the metal deposition, but also 
mediate surface interactions. 
 
Appendix: Positive ions TOF SIMS spectra (m/z 2-200) of -COOH and -CH3 terminated 
SAMs prior to and after Cu electroless deposition under both seeded and unseeded 
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conditions; Positive ions TOF SIMS spectra (m/z 2-200) of -COOH terminated SAMs 
prior to and after Cu electroless deposition with adenine or guanine as additive: These 
figures can be found in Appendix Figures A6.1-A6.3. 
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Chapter 7 
Chemical Bath Deposition of ZnS on Functionalized Alkanethiolate 
Self-Assembled Monolayers Adsorbed on Gold 
 
[Portions of this work have been published previously by Peng Lu and Amy V. 
Walker, ACS Nano, 2009, 3, 370-378] 
 
Abstract: The reaction pathways involved in ZnS chemical bath deposition (CBD) on 
functionalized alkanethiolate self-assembled monolayers (SAMs) were studied with 
time-of-flight secondary ion mass spectrometry (TOF SIMS) and scanning electron 
microscopy (SEM). The reaction mechanism involves both cluster-by-cluster and 
ion-by-ion growth. The dominant reaction pathway is dependent on both the SAM 
terminal functionality and the experimental conditions. On -COOH terminated SAMs, 
two types of ZnS crystallites were observed after CBD: small ~ 500 nm nanoflowers 
formed via ion-by-ion growth and large ~ 2 μm crystallites formed by cluster-by-cluster 
deposition. On -OH and -CH3 terminated SAMs, only ~ 2 μm crystallites formed via 
cluster-by-cluster deposition were observed. With CBD, ZnS nanoflowers was selectively 
deposited in the -COOH terminated SAM regions of a patterned -COOH/-CH3 SAM, 
forming “nanoflowerbeds”. 
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7.1  Introduction 
Nanoscale semiconductor materials have attracted extensive research interests over the 
past 20 years.1 As a II-VI semiconductor, Zinc sulfide has many superior properties, such 
as a wide direct band gap (3.65 eV, bulk),2 high transmittance in the visible range,3 and a 
high reflective index.3 ZnS thin films and nanostructures have many applications. The 
application of ZnS in optoelectronic devices, such as blue light-emitting diodes4-8 and 
photovoltaics9, 10, is well known. ZnS can also be used in electroluminescent devices,11, 12 
photocatalysts,13-15 dielectric filters16 and planar waveguides.3 Since ZnS is less toxic and 
has a larger band gap than CdS, there is also interest in replacing CdS with ZnS as the 
“buffer layer” in solar cells.9, 10 In addition, studies of using ZnS-polymer 
nanocomposites in photonic materials17 and polymer light-emitting diodes18 are also 
promising.  
Understanding and controlling the interface of the ZnS layer and the organic 
component is important in many of the applications. However, it is difficult to study the 
interaction between ZnS and most organic substrates because the substrate properties can 
not be systematically controlled. Self-assembled monolayers (SAMs) (SAMs) can be 
employed to overcome these difficulties. SAMs are highly organized structures with a 
uniform density of terminal groups,19, 20 and, thus, they provide a controllable platform to 
study the ZnS/organic layer interactions.  
To date, various methods have been employed to fabricate ZnS films, including 
spray pyrolysis,21, 22 thermal evaporation,23, 24 molecular beam epitaxy (MBE),25 H2 
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plasma chemical sputtering,26 chemical vapor deposition (CVD),27-29 pulsed laser 
deposition,30 atomic layer deposition (ALD),31 electrodeposition,32-34 successive ionic 
layer adsorption and reaction (SILAR),35 and chemical bath deposition (CBD).36-49 
Among these techniques, chemical bath deposition is particularly attractive to deposit 
semiconductors on organic thin films. CBD is compatible with organic materials because 
it can be performed at low temperature (≤ 50 °C). It is also an easy and inexpensive 
technique that can be performed at ambient pressure. In addition, as a solution phase 
technique, CBD can be easily adapted to large area processing.  
In this chapter, the reaction pathways involved in the chemical bath deposition of 
ZnS on functionalized SAM surfaces were studied. On -COOH terminated SAMs, two 
types of ZnS crystallites were formed via different reaction pathways. The ~ 500 nm 
nanoflowers were formed via an ion-by-ion mechanism, and they strongly adhered to the 
SAM surface. In contrast, the ~ 2 μm crystallites were formed via cluster-by-cluster 
precipitation and only loosely adhered to the SAM surface. On -OH and -CH3 terminated 
SAMs, the cluster-by-cluster deposition was operative, leading to the deposition of ~ 2 
μm crystallites that weakly adhered to the surface. Finally, selective deposition of ZnS 
“nanoflowerbeds” on a patterned -COOH/-CH3 terminated SAM was also demonstrated 
using CBD. 
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7.2  Experimental 
7.2.1  Materials 
The alkanethiols used in this study including hexadecanethiol (HDT) (99%), 
16-mercaptohexadecanoic acid (MHA) (99%) were purchased from Asemblon, Inc 
(Redmond, WA). Mercaptohexadecanol (MHL) was synthesized according to the 
procedure described by Walker et al.50 Gold and chromium were purchased from Alfa 
Aesar Inc. (Ward Hill, MA) and were of 99.995% purity. Native silicon oxide wafers 
(<111> orientation) were purchased from Addison Technologies, Inc. (Pottstown, PA) and 
were cleaned with piranha etch (H2SO4 : H2O2 = 3 : 1) before use. Anhydrous ethanol 
(A.C.S. grade) was obtained from Aaper Alchohol (Shelbyville, KY). Zinc chloride (≥ 
98%), hydrazine hydrate (N2H4 · xH2O, x ~ 1.5, N2H4 ~ 50% - 60%), thiourea (≥ 99%) 
and ammonia hydroxide solution (NH4OH, 28% in H2O) were purchased from Sigma 
Aldrich (Saint Louis, MO). All chemicals were used without further purification. 
7.2.2  SAM Preparation 
The preparation and characterization of alkanethiolate SAMs adsorbed on gold substrates 
have been described in details previously.50-53 Briefly, first Cr (~5 nm) and then Au (~100 
nm) were thermally deposited onto clean Si native oxide wafers.  Then the prepared Au 
substrates were immersed into a 1 mM ethanolic solution of the relevant alkanethiolate 
molecule for 24 h at ambient temperature (21 ± 2 °C) to prepare well-organized SAMs. In 
order to ensure that the SAMs are well-ordered and free of significant chemical 
contamination, for each batch, one sample (~1 cm × 1 cm) was taken and characterized 
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using single-wavelength ellipsometry (Gaertner Scientific Corp., Skokie, IL) and TOF 
SIMS (ION TOF Inc., Chestnut Hill, NY) prior to chemical bath deposition.  
7.2.3 ZnS Chemical Bath Deposition 
The ZnS plating solution consisted of 7 mM ZnCl2 as zinc ion source, 250 mM hydrazine 
(NH2NH2) and 100 mM ammonia hydroxide (NH4OH) as complexing agent, and 7 mM 
thiourea (NH2CSNH2) as sulfur ion source. The plating solution was prepared as follows: 
first ZnCl2 was dissolved in deionized water, then hydrazine and ammonia hydroxide 
solution were added dropwise into the ZnCl2 solution. After adding hydrazine, the 
solution turned white and cloudy. After adding ammonia hydroxide, the cloudy solution 
became clear and colorless.  
SAMs samples (~ 1 cm × 1 cm) were kept in the prepared solution for 15 min 
before the addition of thiourea to assist Zn2+ complexation with SAMs. This process is 
called “seeding”. After the seeding period, thiourea was added into the solution to initiate 
ZnS chemical bath deposition. In contrast, to investigate how Zn2+ complexation with the 
-COOH terminated SAMs can impact the ZnS deposition process, thiourea was added to 
the bath solution prior to immersion of the MHA SAM in a set of “unseeded” conditions. 
The pH of the bath solution was 10.5 and remained constant during the 
deposition process. Deposition was performed at 22 °C and 45 °C from 1 min up to 2 h. 
After chemical bath deposition, samples were rinsed thoroughly first with copious 
amounts of deionized water then anhydrous ethanol, dried using nitrogen gas and 
immediately transferred to the TOF SIMS or SEM for analysis. 
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7.2.4  UV Photopatterning of SAMs 
The patterned -COOH/-CH3 terminated SAM was prepared with the following UV 
photopatterning procedure. First, a copper TEM grid (Electron Microscopy Inc., Hatfield, 
PA) was placed on top of the -COOH terminated SAM (MHA) as a mask. The sample 
was then placed ~ 50mm away from a 500W Hg arc lamp which is equipped with a 
dichroic mirror to remove IR light and a narrow-band-pass filter (280-440 nm) (Thermal 
Oriel, Spectra Physics Inc., Stratford, CT). After 2h exposure to UV light, the -COOH 
terminated SAM was then immersed in a freshly made 1mM -CH3 terminated alkanethiol 
(HDT) ethanolic solution for 24 h. During the immersion, HDT was adsorbed in the areas 
exposed to UV light and resulted in a patterned -COOH/-CH3 terminated SAM surface. 
The patterned SAM was rinsed with copious degassed ethanol and dried with N2 before 
use. 
7.2.5  Time-of-Flight Secondary Ion Mass Spectrometry (TOF SIMS) 
An ION TOF IV spectrometer equipped with a Bi liquid metal ion gun (ION TOF Inc., 
Chestnut Hill, NY) was employed to perform the TOF SIMS analyses. Briefly, this 
apparatus consists of a load lock for sample introduction, a preparation chamber and an 
analysis chamber, separated by gate valves. The pressure of the preparation and analysis 
chambers were maintained at < 3.8 x 10-9 mbar. In a standard analysis process, the 
primary Bi+ ions were accelerated to 25 keV and contained within a ~100 nm diameter 
probe beam, and the beam was rastered over the sample for spectra and image acquisition. 
Typically, the raster area was (100 × 100) μm2 during spectra acquisition and (500 × 500) 
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μm2 during image acquisition. All spectra were acquired within the static regime54 using 
a total ion dose less than 1011 ions cm-2. The secondary ions were extracted into a 
time-of-flight mass spectrometer with a 2000V potential and were reaccelerated to 10 
keV before reaching the detector.  
In this study, the mass spectra peak intensities were reproducible within to ± 
10% from scan to scan and from sample to sample. For each experiment, at least two 
samples were employed and three areas on each sample were analyzed. The ion intensity 
data presented represent an average of these measurements.  
A video camera (ExwaveHAD, Sony) mounted in the TOF SIMS analysis 
chamber was used to capture optical images of the samples.  
7.2.6 Scanning Electron Microscopy (SEM) 
A Field Emission Scanning Electron Microscope (Hitachi s-4500) was employed for the 
SEM measurements. This apparatus is equipped with a NORAN Instruments energy 
dispersive x-ray (EDX) microanalysis system, a back scattering detector and a 
mechanical straining stage. The diameters of the deposited ZnS crystallites were 
measured from the scanned high resolution SEM images. For each deposition condition, 
150 - 200 crystallites were measured to obtain the size distribution. 
 
7.3  Results 
7.3.1 ZnS Deposition on -COOH terminated SAMs 
After 2 h deposition, ZnS nanocrystallites were observed to deposit on -COOH 
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terminated SAMs. SEM images indicate that two types of ZnS structures were formed: an 
overlayer of smaller flowerlike ZnS nanocrystallites (570 ± 80 nm) covered the entire 
MHA surface, and larger flower-like crystallites (2100 ± 390 nm) scattered on the surface 
(Figure 7.1). More crystallites of both types formed at a bath temperature of 45 °C than at 
22 °C. EDX analysis confirmed that the nanoflowers contained only Zn and S in an 
approximately 1:1 ratio. No molecular or cluster ions of mercaptohexadecanoic acid 
(MHA) monolayer were observed in the TOF SIMS spectra, indicating that MHA SAM 
was covered by a ZnS overlayer (Figure 7.2). 
 
 
Figure 7.1 SEM images after ZnS chemical bath deposition for 2h on -COOH terminated 
SAMs at (a, b) 22 °C, (c, d) 45 °C.  
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Figure 7.2 High mass resolution negative ion TOF SIMS spectra of the molecular cluster 
ion, Au2M- (M = -S(CH2)15COOH), for -COOH terminated SAM prior to and after ZnS 
chemical bath deposition for 2 h at 22 °C and at 45 °C. 
 
  TOF SIMS data show that Zn2+ ions interacted with -COOH terminated SAM. In 
the positive ion TOF SIMS spectra, a series of Zn(COO)2(CH2)x(CH)y+ ions were 
observed, suggesting that Zn2+ complexed with two surface -COOH terminal groups 
(Figure 7.3). The surface Zn2+-carboxylate complexes provided nucleation sites for the 
subsequent ZnS nanocrystallites growth. No AuxZnySz- ions formation was observed in 
the negative ion TOF SIMS spectra, indicating that Zn or ZnS did not penetrate through 
the MHA SAM to the Au/S interface.  
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Figure 7.3 High mass resolution positive ion TOF SIMS spectra of 
Zn(COO)2(CH2)x(CH)y+ ions (x = 11, y = 3 and x = 10, y = 4) of -COOH terminated 
SAM prior to and after ZnS chemical bath deposition for 2 h at 22 °C and 45 °C. The 
ions were assigned based on accurate mass and were not structurally characterized. 
ZnS CBD was also performed under “unseeded” conditions in which the MHA 
SAM was directly immersed in a plating solution containing both Zn2+ and thiourea. 
Under “unseeded” conditions, many large ~ 2 μm flower-like crystallites and only a few 
scattered ~ 500 nm nanoflowers were observed to form on -COOH terminated SAMs 
(Figure 7.4c). In contrast, under “seeded” conditions a densely packed layer of ~ 500 nm 
nanoflowers with a few scattered ~ 2 μm flower-like crystallites were observed (Figure 
7.4a). The large flower-like crystallites formed under both conditions could be removed 
from the MHA surface by sonication, but the small nanoflowers could not be removed, 
indicating they were strongly adhered to the MHA SAM surface (Figure 7.4b, d). 
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Figure 7.4 SEM images after ZnS chemical bath deposition at 45 °C for 2 h on -COOH 
terminated SAMs under the following experimental conditions: (a) seeded deposition 
prior to ultrasonication; (b) seeded deposition after 5 min ultrasonication; (c) unseeded 
deposition prior to ultrasonication; (d) unseeded deposition after 5 min ultrasonication. 
The nanoflowers in (b) are of the same sizes as the smaller flowers in (a).  
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ZnS nanocrystallites growth with time under both “seeded” and “unseeded” 
conditions was also investigated. Under “seeded” conditions, in the SEM image scattered 
crystallites were observed to form on -COOH terminated SAMs after 1 min in the bath, 
and these crystallites formed a densely packed layer after 30 min. Large crystallites were 
observed to form after 5 min in the bath, and the number of these crystallites increased 
with time (Figure 7.5). Under “unseeded” conditions, the number of large flower-like 
crystallites increased with time, but the sizes of these crystallites only increased slightly 
(Figure 7.6). Table 7.1 summarizes the average diameter of large flower-like crystallites 
under “seeded” and “unseeded” conditions from 1 min to 120 min bath.  
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Figure 7.5 SEM images after ZnS chemical bath deposition under “seeded” conditions 
on -COOH terminated SAMs at 45 °C from 1 min to 120 min. 
 
 
Figure 7.6 SEM images after ZnS chemical bath deposition under “unseeded” conditions 
on -COOH terminated SAMs at 45 °C from 1 min to 120 min 
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Immersion Time (min) Average Diameter (μm) 
 Seeded Unseeded 
1 0.15 ± 0.07 1.40 ± 0.24 
3 1.37 ± 0.49 1.57 ± 0.16 
5 1.37 ± 0.49 1.47 ± 0.17 
10 1.38 ± 0.38 1.51 ± 0.21 
15 1.63 ± 0.43 1.48 ± 0.21 
30 1.74 ± 0.43 1.58 ± 0.20 
60 1.79 ± 0.46 1.58 ± 0.22 
120 2.10 ± 0.39 1.69 ± 0.19 
Table 7.1 Average diameters of large flower-like crystallites for ZnS CBD under 
unseeded and seeded experimental conditions on -COOH terminated SAM at 45 °C for 
immersion time from 1 min to 120 min.  
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The size distribution and number density of the large ZnS crystallites as a 
function of deposition time under both “seeded” and “unseeded” conditions were also 
obtained (Figure 7.7 and Appendix A7.7, A7.8). Under both “seeded” and “unseeded” 
conditions, the number of large flower-like crystallites increased with deposition time 
(Figure 7.7 a). In addition, the number of large flower-like crystallites under “unseeded” 
conditions was approximately twice as under “seeded” conditions. Size distributions of 
the large crystallites were also different (Figure 7.7 b and Appendix A7.7, A7.8). Under 
“seeded” conditions, the size of the crystallites increased from 0.15 ± 0.07 μm (1 min 
immersion) to 2.10 ± 0.39 μm (120 min immersion), and the size distribution was 
relatively broad. In contrast, under unseeded conditions, the size of the crystallites 
increased very slowly with time (from 1.40 ± 0.24 μm after 1 min immersion to 1.69 ± 
0.19 μm after 120 min immersion), and the crystallites size distribution was relatively 
narrow (Figure 7.7 b). 
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Figure 7.7 (a) Number of large scattered flower-like ZnS crystallites with immersion 
time. The dotted lines are drawn to guide the eye. (b) Size distribution of large 
flower-like ZnS crystallites after 120 min CBD bath. The width of the bar is ± 0.10 μm. 
Average diameters of the large ZnS crystallites are 2.10 ± 0.39 μm under seeded 
conditions and 1.69 ± 0.19 μm under unseeded conditions after 120 min bath.  
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7.3.2  ZnS Deposition on -OH and -CH3 terminated SAMs 
Unlike on -COOH terminated SAM, SEM images show that on -OH and -CH3 terminated 
SAMs only a few ZnS crystallites were formed at 45 °C, and no ZnS crystallites was 
observed at 22 °C. No overlayer consisting of ~ 500 nm nanoflowers was observed either 
(Figure 7.8). Further, these ZnS crystallites loosely adhered to -OH and -CH3 terminated 
SAMs, and could be easily removed using sonication (Figure 7.8 c, f). 
 
 
 
Figure 7.8 SEM images after ZnS chemical bath deposition for 2 h on -OH and -CH3 
terminated SAMs at (a, d) 22 °C, (b, e) 45 °C, and (c, f) 45 °C after ultrasonication in 
deionized water for 5 min. 
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  TOF SIMS spectra are consistent with SEM data. In the negative ion TOF SIMS 
spectra, molecular cluster ions (Au2M-) of -OH and -CH3 terminated SAMs were 
observed after ZnS CBD (Figure 7.9 and Appendix A7.3-A7.6). These ions are 
characteristic of the SAMs and indicate that ZnS did not form an overlayer on either the 
-OH or the -CH3 terminated SAMs. No evidence of Zn2+-SAM complex was observed in 
the mass spectra (data not shown), suggesting that Zn2+ ions did not complex with -OH or 
-CH3 terminated SAMs. Cluster ions AuxZnySz- were also observed in the negative ion 
mass spectra, indicating that Zn penetrated through -OH and -CH3 terminated SAMs to 
the Au/S interface (Figure 7.10). However, no definite conclusion can be drawn whether 
the observation of AuxZnySz- clusters was caused by Zn2+ ions penetration or small ZnS 
clusters penetration.  
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Figure 7.9 High mass resolution negative ion TOF SIMS spectra of (a) the molecular 
cluster ion, Au2M- (M = -S(CH2)15CH2OH), for -OH terminated SAM; (b) the molecular 
cluster ion, Au2M- (M = -S(CH2)15CH3), for -CH3 terminated SAM prior to and after ZnS 
chemical bath deposition for 2 h at 22 °C and at 45 °C 
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Figure 7.10 High-resolution negative ion TOF SIMS spectra of AuZnS- for (a) -OH and 
(b) -CH3 terminated SAMs prior to and after ZnS chemical bath deposition for 2 h at 22 
°C and 45 °C. 
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7.4  Discussion  
7.4.1  Reaction Pathways of ZnS Nanoflowers Deposition on -COOH, -OH and 
-CH3 terminated SAMs 
In general, a chemical bath deposition employs a controlled ion-exchange reaction to 
deposit a thin film on a substrate in solution.45, 49, 55 For ZnS CBD, a chalcongenide, 
normally thiourea, is used as a sulfur source to produce ZnS films. The chalcongenide 
decomposes in an alkaline solution containing a zinc salt and a suitable complexing agent, 
such as hydrazine and ammonia, and releases S2- to form ZnS. The overall reaction can be 
given by:  
  Zn2+ + nL        ZnLn2+           (1) 
  SC(NH2)2 + 2OH-        S2- + H2CN2 + 2H2O      (2) 
Zn2+ + S2-        ZnS            (3) 
where L is the complexing agent and ZnLn2+ is a complex Zn(II) ion. In this study, the 
complexing agent is hydrazine or ammonia.  
  There have been many studies on ZnS CBD, but the reaction pathways involved 
are not well understood, and no definite mechanism has been established.36-49 Dona and 
Herrero55 suggested an ion-by-ion mechanism where ZnS deposition occurs via the slow 
release and condensation of Zn2+ and S2- ions at the surface. In contrast, based on the 
observation that the deposited ZnS films appeared to consist of an aggregation of 
spherical particles, Froment and Lincot56 suggested a cluster-by-cluster deposition 
mechanism that ZnS forms colloidal particles in solution, and these then deposit on the 
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surface.  
  Based on the experimental observations, we propose the following reaction 
pathways for ZnS nanoflowers formation. Upon immersion in the plating solution, Zn2+ 
ions form Zn2+-carboxylate on -COOH terminated SAMs, but do not with -OH or -CH3 
terminated SAMs. Since the pKa of hexadecanoic (palmitic) acid film (~ 8.5-8.8)57 is 
lower than the pH of the plating solution (10.5), many of the -COOH terminal groups on 
-COOH terminated SAMs are deprotonated, promoting formation of Zn2+-carboxylate 
complexes. The observation of Zn(COO)2(CH2)x(CH)y+ ions in the positive ion TOF 
SIMS spectra supports this hypotesis, suggesting that zinc ions complex with two 
carboxylate groups (Figure 7.3). Once formed, the Zn2+-carboxylate complex can react 
with S2- from the hydrolysis of thiourea to form ZnS.  
  This mechanism explains two experimental findings. First, well-separated ZnS 
nanocrystallites were formed on -COOH terminated SAMs because the nuclei 
Zn2+-carboxylate complexes were sparsely distributed on the surface. Compared with the 
binding constants of Zn2+ with ammonia (Zn2+ + 4NH3       Zn(NH3)42+, K = 7.9 × 108) 
and hydrazine (Zn2+ + 3N2H4       Zn(N2H4)32+, K = 3.2 × 105),58 the equilibrium 
constant for Zn2+ and carboxylic acid complexation is very low (K < 100)59. Given the 
large concentration of ammonia hydroxide and hydrazine in the plating solution, few 
Zn2+-carboxylate complexes are likely to form and distribute sparsely on -COOH 
terminated SAMs. These complexes provide nucleation sites for ZnS deposition, and thus 
discrete ZnS crystallites rather than a smooth ZnS film were observed. Second, when the 
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temperature of the reaction increased from 22 °C to 45 °C, the ZnS deposition rate on 
-COOH terminated SAMs did not substantially increase (Figure 7.1). One of previously 
identified characteristics of ion-by-ion growth is that the deposition rate does not increase 
significantly with higher bath temperature,55 and thus the temperature dependence is 
consistent with the proposed mechanism. 
  The large micron-size crystallites on -COOH, -OH and -CH3 terminated SAMs 
were formed via a cluster-by-cluster mechanism. In this pathway, ZnS colloids formed in 
solution, aggregated, and adsorbed to the SAM surface. These crystallites did not strongly 
adhere to the SAMs, and could be easily removed using sonication. TOF SIMS data 
suggest that there was no interaction between Zn2+ ions and the -OH and -CH3 terminal 
groups. Deposition rate increased with temperature in a typical cluster-by-cluster 
deposition.55, 60 This explains the temperature dependence of deposition on -OH and -CH3 
terminated SAMs: significant deposition was only observed at 45 °C but not at 22 °C. 
  Finally, a combination of ion-by-ion growth and cluster-by-cluster deposition 
explains the observed behaviors of micro-sized crystallites during “seeded” and 
“unseeded” growth on -COOH terminated SAMs. Under the “unseeded” conditions, the 
cluster-by-cluster growth dominated owing to the lack of nucleating complexes at the 
surface. Under the “seeded” conditions, the ion-by-ion growth of nanoflowers was 
competitive with the cluster-by-cluster deposition because preformed Zn2+-carboxylate 
complexes acted as nuclei. Seeding also substantially affected the size and distribution of 
the larger crystallites, suggesting that other growth mechanisms, such as ripening of the 
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large flower-like crystallites, were also operative (Table 7.1, Figure 7.7, and Appendix 
A7.7, A7.8).  
7.4.2  Selective Deposition of ZnS on Patterned SAM Surfaces: Formation of 
Nanoflowerbeds 
Under appropriate experimental conditions, ZnS nanoflowers can be selectively deposited 
on patterned SAM using chemical bath deposition, forming “nanoflowerbeds”. As a 
demonstration, ZnS CBD was carried out on a UV photopatterned -COOH/-CH3 SAM at 
45 °C for 15 min. After the deposition, SAM was sonicated in deionized water for 5 min 
and then imaged using SEM and TOF SIMS. The optical and SEM images clearly show 
that ZnS nanoflowers were only observed in the -COOH terminated SAM regions (the 
“bar” areas), while no ZnS was deposited in the -CH3 terminated SAM regions (the 
“square” areas) (Figure 7.11 a, b). In addition, 64Zn+ positive ions (m/z 64), which is 
characteristic of the ZnS nanoflowers, were only observed in the -COOH terminated 
SAM areas, suggesting that ZnS nanoflowers only formed in these regions (Figure 7.11 
c). 
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Figure 7.11 (a) Optical, (b) SEM, (c) TOF SIMS image centered at 64Zn+ (m/z 64), (d) 
TOF SIMS image centered at OH- (m/z 17) after ZnS chemical bath deposition on a 
patterned -COOH/-CH3 terminated SAM surface at 45 °C for 15 min. The light gray 
crystallites in the SEM image indicate that ZnS nanoflowers were deposited only in the 
-COOH terminated SAM regions. The OH- ion intensity is indicative of the -COOH 
terminated SAM areas. The intensity of the 64Zn+ ion indicates that ZnS has been 
selectively deposited in the -COOH terminated SAM areas. Parameters of TOF SIMS 
analysis: primary ion, Bi+; kinetic energy = 25 keV; area of analysis = (500 × 500) μm2, 
(128 × 128) pixels2. Intensity scale represent maximum ion count. 
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7.5  Conclusions 
Chemical bath deposition of ZnS on functionalized SAMs proceeds via both ion-by-ion 
and cluster-by-cluster mechanism. On -COOH terminated SAMs, both   ~ 500 nm 
nanoflowers and ~ 2 μm flower-like crystallites were observed. The nanoflowers grew 
via an ion-by-ion pathway from the Zn2+-carboxylate complexes on the surface and 
strongly adhered to the -COOH terminated SAM surface. In contrast, the large crystallites 
formed via cluster-by-cluster deposition and did not strongly adhere to SAM surface.  
On -OH and -CH3 terminated SAMs, cluster-by-cluster deposition is the 
dominant mechanism, leading to the formation of ~ 2 μm flower-like crystallites which 
did not strongly adhere to the SAM surfaces.  
  Using CBD, ZnS can be selectively deposited in the -COOH terminated SAM 
regions of a patterned -COOH/-CH3 SAM, forming “nanoflowerbeds”. 
  In summary, CBD can be employed to deposit selectively semiconductor 
overlayers on organic thin films, and the size and morphology of the deposited 
semiconductor can be controlled by altering the substrate surface chemistry and 
deposition conditions. To obtain stable overlayers on organic films, it is important to form 
surface complexes which act as nucleation sites for further film growth.  
 
Appendix: Positive and negative TOF SIMS spectra of -COOH, -OH, and -CH3 
terminated SAMs prior to and after ZnS chemical bath deposition at 22°C and 45 °C for 2 
h; Size distribution of large flower-like ZnS crystallites under seeded and unseeded 
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condition as a function of time on -COOH terminated SAMs: These data can be found in 
the Appendix Figures A7.1-A7.8. 
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Chapter 8 
Chemical Bath Deposition of CdSe on Functionalized Alkanethiolate 
Self-Assembled Monolayers Adsorbed on Gold 
 
Abstract: Chemical bath deposition of CdSe on functionalized alkanethiolate 
self-assembled monolayers (SAMs) was investigated using time-of-flight secondary ion 
mass spectrometry (TOF SIMS) and scanning electron microscopy (SEM). On all SAM 
surfaces, the CdSe deposited as nanoparticles with a very narrow size distribution. On 
-COOH terminated SAMs, the deposition of CdSe was a mixture of ion-by-ion and 
cluster-by-cluster mechanisms. Initially, Cd2+ ions formed Cd2+-carboxylate complexes 
with the -COOH terminal groups, and these complexes then reacted with Se2- ions to 
form CdSe via an ion-by-ion mechanism. After sufficient Se2- ions were generated in the 
plating bath, CdSe colloids formed in solution and deposited on -COOH terminated 
SAMs. At this point, cluster-by-cluster deposition became the dominant process. On -OH 
and -CH3 terminated SAMs, CdSe nanoparticles formed via a cluster-by-cluster 
deposition only. Finally, selective deposition of CdSe on -COOH terminated regions of 
-COOH/-CH3 patterned SAMs was demonstrated. 
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8.1  Introduction 
As a member of the II-VI group semiconductors, CdSe has many applications in 
nanotechnology, energy and biotechnology. CdSe nanocrystals have been employed in 
light emitting diodes1-5, photodetectors,6 laser sources,7, 8 sensors,9, 10 and 
photovoltaics.11-16 In many of these applications, the structure of the interface between 
the organic component and Cdse layer is critical. To elucidate these interactions, we 
employed self-assembled monolayer (SAMs). This is because SAMs have highly 
organized structures with a uniform density of terminal groups, whose chemistry can be 
systematically varied.17-19  
  CdSe thin films and nanostructures have been fabricated with a variety of 
methods, including thermal evaporation,20, 21 electrodeposition,22, 23 spray pyrolysis,24, 25 
successive ionic layer adsorption and reaction (SILAR),26, 27 chemical vapor deposition 
(CVD),28, 29 and chemical bath deposition (CBD).30-38 CBD is an attractive method to 
deposit CdSe on organic substrates because it can be used at low deposition temperatures. 
On inorganic substrates it has been demonstrated that the CdSe CBD process is 
influenced by many reaction parameters, including the plating solution composition,31, 34, 
37, 39 pH,33, 35, 40 reaction temperature,31, 33 as well as illumination during the CBD 
process.41 It was also shown that CdSe deposition can occur either via an ion-by-ion 
growth on the substrate (successive anion and cation adsorption on the growing crystal) 
or via a cluster-by-cluster mechanism (solution phase colloids adsorption and coagulate 
on the substrate), depending on the experimental conditions.31, 34, 35, 39, 42  
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  In the research described in this chapter, CdSe nanoparticles were deposited on 
functionalized SAMs using chemical bath deposition and the reaction pathways studied. 
On all surfaces studied, the CdSe nanoparticles deposited had a very narrow size 
distribution (≤ ±10%). On -COOH terminated SAMs, CdSe nanoparticles growth 
involved both ion-by-ion and cluster-by-cluster mechanisms. At the beginning of the 
CBD, Cd2+ ions formed Cd2+-carboxylate complexes with the -COOH terminal groups. 
These complexes reacted with Se2- ions to form CdSe and served as the nucleation sites 
for ion-by-ion growth. After a sufficient Se2- ion concentration had built up in the plating 
solution, CdSe colloids formed in solution and cluster-by-cluster deposition became the 
dominant process. On -OH and -CH3 terminated SAMs, Cd2+ ions did not complex with 
the terminal groups, and the deposition followed a cluster-by-cluster mechanism. Under 
appropriate conditions, CdSe nanoparticles could be selectively deposited on the -COOH 
regions of -COOH/-CH3 patterned SAMs using chemical bath deposition.  
 
8.2  Experimental 
8.2.1  Materials 
Gold and chromium (99.995% purity) were obtained from Alfa Aesar Inc. (Ward Hill, 
MA). Cadmium sulfate (≥ 99%), selenium (powder, 99.99%), sodium sulfite (≥ 98%) and 
nitrilotriacetic acid trisodium salt (NTA, ≥ 98%) were purchased from Sigma Aldrich 
(Saint Louis, MO). Silicon native oxide wafers (<111> orientation) were purchased from 
Addison Technologies, Inc. (Pottstown, PA) and were cleaned with piranha etch 
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(H2SO4:H2O2 = 3:1) before use. Anhydrous ethanol (A.C.S. grade) was obtained from 
Aaper Alchohol (Shelbyville, KY). 16-mercaptohexadecanoic acid (99%) (MHA), 
hexadecanethiol (99%) (HDT), and mercaptohexadecanol (99%) (MHL) were obtained 
from Asemblon, Inc (Redmond, WA). All chemicals were used without further 
purification.  
8.2.2 SAM Preparation 
Alkanethiolate SAMs adsorbed on gold substrates were prepared and characterized 
according to previously published procedures.17, 43-45 Briefly, first Cr (~5 nm) then Au 
(~100 nm) were thermally deposited onto clean Si native oxide wafers. The deposited Au 
substrates were then immersed into a 1 mM ethanolic solution of the relevant 
hexadecanethiol molecule (with -COOH, -OH and -CH3 terminal functional groups) for 
24 h at ambient temperature (21 ± 2 °C) to prepare well-organized SAMs. For each batch 
one SAM sample (~ 1 cm × 1 cm) was taken and characterized using single-wavelength 
ellipsometry (Gaertner Scientific Corp., Skokie, IL) and TOF SIMS (ION TOF Inc., 
Chestnut Hill, NY) prior to chemical bath deposition. The results showed that the 
prepared SAMs were well-ordered and free from significant chemical contamination. 
8.2.3  CdSe Chemical Bath Deposition 
The standard plating solution employed in this study was composed of 40 mM cadmium 
sulfate (CdSO4), 80mM sodium selenosulphate (Na2SeSO3), and 120 mM sodium 
nitrilotriacetate (NTA). Other concentrations (20 mM, 40 mM) of Na2SeSO3 were also 
employed to investigate the influence of solution composition on CdSe particle formation. 
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Na2SeSO3 was diluted from a 200 mM stock solution, which was made by dissolving 200 
mM Se into 400 mM Na2SO3 aqueous solution at 60 °C for 2 hour.  
To make the plating solution, cadmium sulfate was first dissolved in deionized 
water, and then sodium nitrilotriacetate was added into the solution. SAM samples (~ 1 
cm × 1 cm) were kept in this solution for 15 min before the addition of Na2SeSO3 to 
allow Cd2+ complexation with the SAMs. This process is called “seeding”. After the 
seeding process, Na2SeSO3 was added into the solution to initiate the deposition. CdSe 
CBD was also performed under “unseeded” conditions on -COOH terminated SAMs, 
where Na2SeSO3 was added to the bath prior to immersion of the sample.  
Deposition was performed in a still solution at 22 °C and 45 °C for times from 1 
min to 2 hour. The pH of the plating solution was 8.0 before the addition of Na2SeSO3. 
Immediately after adding Na2SeSO3, the plating solution pH increased to 9.5. During 
deposition, the pH of the solution gradually increased and reached 10.5 after 2 hour. 
After the deposition, samples were rinsed thoroughly with copious amounts of deionized 
water and absolute ethanol, dried using nitrogen gas and immediately transferred to the 
TOF SIMS or SEM for analysis. 
8.2.4 UV Photopatterning of SAMs 
Patterned -COOH/-CH3 terminated SAMs were prepared using UV photopatterning 
following the procedures described by Zhou and Walker.46-48 First a mask (copper TEM 
grid, Electron Microscopy, Inc. Hatfield, PA) was placed on top of a MHA SAM 
(-COOH terminated SAM) placed approximately 50 mm away from a 500 W Hg arc 
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lamp equipped with a dichroic mirror and a narrow-band-pass filter (280-400 nm) 
(Thermal Oriel, Spectra Physics Inc., Stratford, CT). The sample was then exposed to the 
UV light for 2 h. After light exposure, the MHA SAM was immersed into a freshly made 
1 mM -CH3 terminated alkanethiol (HDT) ethanolic solution for 24 h. In the areas 
exposed to UV light, a -CH3 terminated SAM was adsorbed, creating a HDT/MHA 
patterned surface. The patterned SAM was rinsed extensively with degassed ethanol and 
dried with nitrogen before use.  
8.2.5  Time-of-Flight Secondary Ion Mass Spectrometry (TOF SIMS) 
TOF SIMS analyses were conducted using an ION TOF IV spectrometer (ION TOF Inc., 
Chestnut Hill, NY) equipped with a Bi liquid metal ion gun. This instrument consists of 
an air lock, a preparation chamber and an analysis chamber separated by gate valves. The 
preparation and analysis chambers were maintained at a pressure   ≤ 3.8 × 10-9 mbar. 
The Bi+ primary ions were accelerated to 25 keV and contained within a ~100 nm 
diameter probe beam. The beam was rastered over a (100 × 100) μm2 area for high 
resolution spectra acquisition and (500 × 500) μm2 area for image acquisition. Total 
accumulated ion dose was less than 1011 ions cm-2, which is within the static regime.49 
The secondary ions were extracted into a time-of-flight mass spectrometer using 2000V 
and were reaccelerated to 10 keV before reaching the detector. Peak intensities were 
reproducible to within ± 10% from scan to scan and from sample to sample. For each 
CdSe deposition, at least three samples were prepared and three areas on each sample 
were examined. The ion intensity data presented is therefore an average over at least six 
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measurements, and the uncertainty shown is standard deviation. 
  Optical images of the samples were captured using a video camera 
(ExwaveHAD, Sony) mounted in the TOF SIMS analysis chamber.  
8.2.6  Scanning Electron Microscopy (SEM) 
SEM measurements were conducted on a Field Emission Scanning Electron Microscope 
(Hitachi s-4500). This instrument is equipped with a NORAN Instruments energy 
dispersive x-ray (EDX) microanalysis system, a back scattering detector and a 
mechanical straining stage. The diameters of the deposited CdSe nanoparticles were 
measured from the scanned high resolution SEM images. For each deposition condition, 
150 - 200 CdSe nanoparticles were measured to obtain the size distribution. 
 
8.3  Results & Discussion 
8.3.1 CdSe Deposition on -COOH terminated SAMs 
After 2 h chemical bath deposition at 22 °C and 45 °C, CdSe nanoparticles were observed 
on -COOH terminated SAMs (Figure 8.1). Using EDX, it was observed that the deposited 
nanoparticles contained only Cd and Se in an approximately 1:1 ratio. The number and 
average diameter of the CdSe nanoparticles formed at 45 °C were larger than those 
formed at 22 °C. The average diameter of CdSe nanoparticles formed at 45 °C was 142 ± 
11 nm, while nanoparticles formed at 22 °C had an average diameter of 56 ± 7 nm 
(Figure 8.2). In the TOF SIMS spectra, the SAM molecular ion (AuM2-, M = 
-S(CH2)15COOH) signal intensity decreased to zero after deposition at 22 °C and 45 °C, 
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suggesting that the SAM has been completely covered by the CdSe overlayer (Figure 8.3). 
Together with the SEM data, these observations suggest that a layer of smaller CdSe 
nanoparticles, which could not be detected by SEM, was formed on the -COOH 
terminated SAM surface at 22 °C.  
 
1 μm
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-COOHa) b)
 
Figure 8.1 SEM images of -COOH terminated SAMs after 2 h chemical bath deposition 
at (a) 22 °C, (b) 45 °C  
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Figure 8.2 Size distribution of CdSe nanoparticles after 2 h chemical bath deposition on 
-COOH terminated SAMs at (a) 22 °C, (b) 45 °C. Average nanoparticle diameter is in (a) 
56 ± 7 nm and in (b) 142 ± 11 nm. The width of the bar is ± 2.5 nm. 
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Figure 8.3 High mass resolution negative ion TOF SIMS spectra of the molecular cluster 
ion, Au2M- (M = -S(CH2)15COOH), for -COOH terminated SAM prior to and after CdSe 
chemical bath deposition for 2 h at 22 °C and at 45 °C. 
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  The growth of CdSe nanoparticles was also investigated with immersion time in 
the deposition bath (Figure 8.4). Under standard deposition conditions (“seeded” 
conditions, 80 mM Na2SeO3), scattered CdSe crystallites were observed to form on 
-COOH terminated SAMs after 5 min deposition. The average diameter of the CdSe 
nanocrystallites increased from 34 ± 3 nm after 5 min to 142 ± 11 nm after 2 h deposition 
(Table 8.1). The number of CdSe nanocrystallites per unit area also increased and 
remained approximately constant after 15 min deposition (Figure 8.5). 
 
 
Figure 8.4 SEM images after CdSe chemical bath deposition under seeded conditions on 
-COOH terminated SAMs at 45 °C from 1 min to 120 min. 
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Dep. Time (min) Average Diameter (nm) 
 20 mM Na2SeSO3 40 mM Na2SeSO3 80 mM Na2SeSO3
1 -. -. - 
5 - - 34 ± 3 
10 - - 33 ± 3 
15 - 55 ± 3 45 ± 3 
30 - 78 ± 7 66 ± 4 
60 55 ± 12 115 ± 13 96 ± 7 
90 92 ± 10 131 ± 15 124 ± 10 
120 120 ± 8 143 ± 16 142 ± 11 
Table 8.1 Average diameter of CdSe nanoparticles on -COOH terminated SAMs after 
chemical bath deposition at 45 °C from 1 min to 120 min under different Na2SeSO3 
concentrations (20 mM, 40 mM and 80 mM).  
 
  The composition of the plating solution also affected the CdSe nanoparticle 
formation and growth. The size distribution and number of CdSe nanoparticles per unit 
area under different Na2SeSO3 concentrations are shown in Figure 8.5, and Appendix 
A8.1-A8.3. In agreement with previous studies,31, 35 the CdSe nanoparticle growth rate 
was higher at larger Na2SeSO3 concentrations. The induction time (delay time for CdSe 
nanoparticles to form on the MHA surface after adding Na2SeO3) increased from 5 min to 
 203
60 min when the Na2SeSO3 concentration decreased from 80 mM to 20 mM. To form 
CdSe nanoparticles, Cd2+ ions react with Se2- ions formed by the hydrolysis of SeSO32-. 
So the most likely reason for the observed increase in induction time is that a sufficient 
concentration of Se2- ions must be built up in the bath before CdSe colloids form. At 
higher Na2SeSO3 concentrations, a higher density of CdSe nanoparticles was also 
observed (Figure 8.5 b). 
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Figure 8.5 (a) Average CdSe nanoparticle diameter as a function of immersion time 
under different Na2SeSO3 concentrations; (b) Number of CdSe nanoparticles per μm2 as a 
function of immersion time under different Na2SeSO3 concentrations. The lines are 
drawn to guide the eye. The error bars represent the standard deviation.  
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The TOF SIMS data also indicate that Cd2+ ions interacted with -COOH 
terminated SAMs and formed Cd2+-carboxylate complexes (Figure 8.6). In the positive 
ion spectra, ions of the form Cd(COO)2(CH2)x(CH)y+ were observed, indicating that Cd2+ 
complexed with two surface -COOH terminal groups. Once formed, these surface 
complexes reacted with Se2- ions to form CdSe, and provided nucleation sites for 
subsequent CdSe nanoparticle growth. In the negative ion TOF SIMS spectra no 
AuxCdySz- or AuxSeySz- cluster ions were observed, indicating that no CdSe, Cd2+ or Se2- 
penetrated through the -COOH terminated SAMs to the Au/S interface. 
 
Figure 8.6 High mass resolution positive ion TOF SIMS spectra of 
Cd(COO)2(CH2)x(CH)y+ ions (x = 14, y = 1) of -COOH terminated SAMs prior to and 
after CdSe chemical bath deposition for 2 h at 22 °C and 45 °C. The ions were assigned 
based on accurate mass and were not structurally characterized. 
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  Similar to previous studies on ZnS chemical bath deposition,50 the standard 
CdSe CBD process consisted of a “seeding” step in which the -COOH terminated SAMs 
were placed in a solution containing only Cd2+ ions and NTA for 15 min prior to addition 
of Na2SeSO3. The “seeding’ step is designed to assist Cd2+ ions in complexing with 
deprotonated carboxylate groups on -COOH terminated SAMs. CdSe chemical bath 
deposition was also performed under “unseeded” conditions in which -COOH terminated 
SAMs were immersed directly into a plating solution containing both Cd2+ and SeSO32-. 
Unlike ZnS CBD where the seeding process significantly impacted both the size and 
morphology of ZnS nanocrystallites,50 CdSe nanoparticles of similar sizes and 
morphologies were observed to form under both conditions (Figure 8.7 a, c). After 2 h 
deposition at 45 °C, the average diameter of the CdSe nanoparticles was 138 ± 14 nm 
under “unseeded” conditions and 142 ± 11 nm under “seeded” conditions. The CdSe 
nanoparticles formed under both conditions strongly adhered to the MHA surface and 
could not be removed using sonication (Figure 8.7 b, d). 
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Figure 8.7 SEM images after CdSe chemical bath deposition at 45 °C for 2 h on -COOH 
terminated SAMs under the following experimental conditions: (a) “seeded” deposition 
prior to ultrasonication; (b) “seeded” deposition after 5 min ultrasonication; (c) 
“unseeded” deposition prior to ultrasonication; (d) “unseeded” deposition after 5 min 
ultrasonication.  
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8.3.2  CdSe Deposition on -OH and -CH3 terminated SAMs 
In contrast to -COOH terminated SAMs, on -OH and -CH3 terminated SAMs no CdSe 
nanoparticles were observed to form after 2 h deposition at 22 °C (Figure 8.8 a, d). At 45 
°C, CdSe nanoparticles deposited on both -OH and -CH3 terminated SAMs (Figure 8.8 b, 
e). The size distributions and density of CdSe nanoparticles formed on -OH and -CH3 
terminated SAMs were very similar. The average diameter of the particles was 76 ± 7 nm, 
while the densities of the CdSe nanoparticles were 18.3 ± 3.2 and 15.3 ± 2.5 per μm2 for 
-OH and -CH3 terminated SAMs, respectively (Figure 8.9). These similarities suggest 
that the different surface properties of -OH (a hydrophilic surface) and -CH3 terminated 
(a hydrophobic surface) SAMs did not affect the CdSe nanoparticle growth process, and 
that the surfaces did not actively participate in the CBD process. Further, on -OH and 
-CH3 terminated SAMs, CdSe nanoparticles did not strongly adhere to the surfaces and 
can be removed after 5 min sonication (Figure 8.8 c, f). 
  The TOF SIMS spectra indicate that Cd2+ ions did not complex with -OH or 
-CH3 terminated SAMs. No Cd(CH)x(CH2)y±, Cd(O)x(CH)y(CH2)z±, or similar 
characteristic ions of a Cd2+-surface interaction were observed. The data also indicate that 
Cd2+, Se2- or CdSe did not penetrate to the Au/S interface: in the negative ion mass 
spectra cluster ions such as AuxCdySz- or AuxSeySz- were not observed. Finally, after 
deposition at 22 °C and 45 °C, the molecular ions of -OH and -CH3 terminated SAMs 
(Au2M-) were observed, suggesting that CdSe nanoparticles did not form an overlayer on 
either SAM surface (Figure 8.10). 
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Figure 8.8 SEM images after CdSe chemical bath deposition for 2 h on -OH and -CH3 
terminated SAMs at (a, d) 22 °C, (b, e) 45 °C, and (c, f) 45 °C after ultrasonication in 
deionized water for 5 min. 
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Figure 8.9 The size distributions of CdSe nanoparticles on (a) -OH terminated SAMs, (b) 
-CH3 terminated SAMs after 120 min deposition at 45 °C. The width of the bar is ± 2.5 
nm. Average diameter of the CdSe nanoparticles is 76 ± 7 nm on -OH terminated SAMs 
and -CH3 terminated SAMs. 
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Figure 8.10 High mass resolution negative ion TOF SIMS spectra of the molecular 
cluster ion, Au2M- for (a) -OH terminated SAMs (M = -S(CH2)15CH2OH); (b) -CH3 
terminated SAM (M = -S(CH2)15CH3) prior to and after CdSe chemical bath deposition 
for 2 h at 22 °C and at 45 °C. 
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8.3.3  Reaction Pathways of CdSe CBD on -COOH terminated SAMs 
In a chemical bath deposition, a controlled chemical reaction is used to deposit thin films 
on substrates placed in the plating solution bath.30-36, 42, 51-55 For CdSe chemical bath 
deposition, the bath usually contains a cadmium salt as the source of Cd2+ ions, a 
complexing agent such as sodium nitrilotriacetate (NTA) for the slow release of Cd2+ ions 
(reaction 1), and a selenosulphate salt which slowly hydrolyzes to generate Se2- ions 
(reaction 2). CdSe is formed by Se2- ions reaction with Cd2+ ions on the substrate or in the 
plating solution (reaction 3). In this study, the overall CBD process can be described 
using the following simplified reactions: 
 
Cd2+ (aq) Cd(NTA)- (aq) Cd(NTA)24- (aq)
NTA3- (aq) NTA3- (aq)
SeSO32- (aq) HSe- (aq) + SO42- (aq)
 OH- (aq)  OH- (aq)
Se2-(aq) + H2O
Cd2+ (aq) + Se2- (aq) CdSe (s)
(1)
(2)
(3)
 
 
The actual reaction pathways involved in the CBD process are more complicated than the 
above reactions suggest.30, 32-34, 38, 55-58 Two processes are generally believed to contribute 
to chemical bath deposition: ion-by-ion crystallite growth on the substrate via successive 
ion exchange reaction, and cluster-by-cluster precipitation where colloidal clusters form 
homogeneously in the solution and deposit on the substrate.31, 34, 35, 39, 51 The two 
mechanisms may coexist or compete, and the dominant mechanism may also change 
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during the deposition as the experimental conditions change.39 There have been many 
studies of CdSe CBD, but the reaction pathways are not generally well understood. 
Kainthla et al. 35 suggested that in basic solutions Cd(OH)2 are the nuclei for CdSe 
growth, and CdSe grows on the substrate and in the plating solution. In solutions where 
no Cd(OH)2 exists, ion-by-ion growth of CdSe crystallites on the substrate can occur. 
Gorer and Hodes31 observed that when the ratio of NTA to the Cd salt is above a critical 
value (Rc, critical complex value), the reaction mechanism changes from 
cluster-by-cluster deposition to ion-by-ion growth. 
  Although it is difficult to determine whether ion-by-ion or cluster-by-cluster 
growth is operative, there are several empirical criteria that can be employed to 
differentiate these mechanisms. For deposition via the ion-by-ion growth, several 
characteristics have been identified. These are: a) the deposited film grows epitaxially, i.e. 
aligned with the substrate crystallographic directions;31, 39, 59 b) the film strongly adheres 
to the substrate; 33, 39, 59 and c) the deposition rate is not strongly affected by the 
deposition temperature.35, 60 In contrast, deposition via the cluster-by-cluster mechanism 
usually exhibits the following characteristics: a) non-epitaxial growth, b) poor adherence 
of the deposited film to the substrate and c) a strong dependence of the deposition rate on 
the temperature.52, 60  
  Based on these criteria, the chemical bath deposition of CdSe on -COOH 
terminated SAMs appears to be a mixed ion-by-ion and cluster-by-cluster reaction. The 
following observations suggest that CdSe CBD follows a cluster-by-cluster mechanism. 
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First, the CdSe nanoparticles exhibit non-epitaxial growth (Figure 8.4). Second, the CdSe 
nanoparticle growth was strongly temperature dependent (Figure 8.3). However, there are 
other features of the deposition that can not be explained by a cluster-by-cluster 
mechanism alone. First, the formation of Cd(COO)2(CH2)x(CH)y+ ions was observed in 
the TOF SIMS spectra, indicating that the SAM has complexed with Cd2+ ions (Figure 
8.6). Second, the diameters of CdSe nanoparticles formed on -COOH terminated SAMs 
were about twice as big as those formed on -CH3- and -OH terminated SAMs (Figure 8.2, 
Figure 8.9). Third, the deposited CdSe nanoparticles strongly adhered to -COOH 
terminated SAM surface (Figure 8.7). These observations suggest that ion-by-ion growth 
is also operative.  
We therefore propose the following reaction mechanism for CdSe CBD on 
-COOH terminated SAMs. During the seeding step, the plating solution has a pH of 8.0 
which is lower than the pKa of hexadecanoic acid (pKa ~ 8.5-8.8),61 and so the MHA does 
not deprotonate during seeding. After addition of Na2SeSO3, the plating solution pH 
increases to 9.5, and many -COOH terminal groups become deprotonated. Thus Cd2+ ions 
complex with the carboxylic groups to form Cd2+-carboxyate complexes.62 Once formed, 
these complexes react with Se2- ions to form CdSe on the SAM surface via an ion-by-ion 
mechanism. The thin layer of tiny CdSe crystallites that could not be observed using 
SEM is likely to form via this mechanism (Figure 8.3). This process also explains the 
observation that CdSe CBD deposition is similar under the “seeded” and the “unseeded” 
conditions: Cd2+-carboxylate complexes can only form after addition of Na2SeSO3. Thus 
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both the “seeded” and “unseeded” samples have a similar number of Cd2+-carboxylate 
complex nuclei for CdSe deposition. After a sufficient Se2- ion concentration is generated 
via the hydrolysis of Na2SeSO3, CdSe colloidal clusters form homogeneously in the 
plating solution and cluster-by-cluster precipitation becomes the dominant process. Once 
a critical cluster size has been reached, they precipitate and deposit on the -COOH 
terminated SAM surface.  
8.3.4  Reaction Pathways of CdSe CBD on -OH and -CH3 terminated SAMs 
CdSe chemical bath deposition follows the cluster-by-cluster mechanism on -OH and 
-CH3 terminated SAMs for the following reasons: a) CdSe nanoparticles exhibited 
non-epitaxial growth; b) the deposition was strongly temperature dependent (Figure 8.8); 
c) CdSe nanoparticles had the same size and number density on -OH (hydrophilic) and 
-CH3 terminated SAMs (hydrophobic); and d) the deposited CdSe nanoparticles did not 
strongly adhere to -OH and -CH3 terminated SAMs. The following reaction pathway is 
proposed for these surfaces. During the CBD process, Cd2+ ions and Se2- ions form CdSe 
colloidal clusters in solution. These clusters aggregate to form precipitates and the 
precipitates deposit and weakly adsorb on -OH and -CH3 terminated SAMs.  
8.3.5 Selective Deposition of CdSe Nanoparticles on Patterned SAM Surfaces 
The above data suggest that CdSe can be selectively deposited on patterned SAMs. To 
demonstrate this, CdSe CBD was performed on a UV photopatterned -COOH/-CH3 SAM 
at 45 °C for 15 min, and then the deposited SAM was sonicated in deionized water for 5 
min before SEM and TOF SIMS characterization. The optical and SEM images indicate 
 216
that CdSe was only deposited on the -COOH terminated regions (red “bar” areas in 
Figure 8.11 (a) and dark “bar” areas in Figure 8.11 (b)). The TOF SIMS data confirm the 
SEM and optical microscopy data. Negative ion images indicate that 78Se- ions, which are 
characteristic of CdSe nanoparticle deposition, were only observed present in the -COOH 
terminated SAM areas (Figure 8.11 c). 
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Figure 8.11 (a) Optical, (b) SEM, (c) TOF SIMS image centered at 78Se- (m/z = 78), (d) 
TOF SIMS image centered at -CH3 terminated SAM molecular ion Au2M- (M = 
S(CH2)15CH3, m/z 651) after CdSe chemical bath deposition on a patterned -COOH/-CH3 
terminated SAM at 45 °C for 15 min. The intensity of the 78Se- ion indicates that CdSe 
has been selectively deposited on the -COOH terminated SAMs. The Au2M- ion is 
characteristic of -CH3 terminated SAMs. Parameters of TOF SIMS analysis: primary ion, 
Bi+; kinetic energy = 25 keV; area of analysis = (500 × 500) μm2, (128 × 128) pixels2; 
intensity scale indicates maximum ion counts. 
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8.4  Conclusions 
In this study, the reaction pathways of CdSe chemical bath deposition on functionalized 
SAMs have been investigated. On -COOH terminated SAMs, CdSe CBD follows a 
mixed ion-by-ion and cluster-by-cluster mechanism. Initially, Cd2+ ions form 
Cd2+-carboxylate complexes with the -COOH terminal groups. Once formed, these 
complexes can react with Se2- to form CdSe and serve as nucleation sites for ion-by-ion 
growth. After a sufficient Se2- concentration is generated by the hydrolysis of Na2SeSO3, 
Cd2+ ions react with Se2- ions to form colloidal clusters in solution and deposit on the 
SAM surface via cluster-by-cluster deposition. On -OH and -CH3 terminated SAMs, 
CdSe nanoparticles form via a cluster-by-cluster pathway alone, and do not strongly 
adhere to the SAM surface.  
  Selective deposition of CdSe on patterned SAMs is also demonstrated using 
chemical bath deposition. Under appropriate conditions, CdSe is selectively deposited on 
-COOH terminated areas of -COOH/-CH3 patterned SAMs by manipulating the surface 
chemistry of the substrate. 
 
Appendix: Size distribution of CdSe nanoparticles as a function of time on -COOH 
terminated SAMs when CBD is performed with 20 mM, 40 mM and 80 mM Na2SeSO3 at 
45 °C: These data can be found in the Appendix Figures A8.1-A8.3. 
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Chapter 9 
Conclusions and Future Work 
 
9.1  Conclusions 
Fabricating metal and semiconductor overlayers on organic thin films is of great interest 
because these structures have many technological applications, including in molecular 
electronics,1-7 polymer light emitting diodes,8-10 photonic materials11 and 
electroluminescent devices.12-14 To develop effective film growth techniques to make 
high quality devices, it is important to develop an understanding of metal and 
semiconductor interactions with organic substrates. In this thesis, functionalized 
self-assembled monolayers (SAMs), which have highly organized structures and a 
uniform surface density of functional groups, are employed as substrates to investigate 
the growth of metal and semiconductor overlayers. Several novel techniques, including 
chemical vapor deposition (CVD), chemical bath deposition (CBD) and electroless 
deposition, were developed to deposit metal (Al, Cu) and nanoscale semiconductor (ZnS, 
CdSe) overlayers on functionalized SAMs.  
  At room temperature, it was demonstrated that alumina and aluminum were 
deposited on functionalized SAMs using CVD. The reaction was influenced by both the 
level of H2O and O2 pressure in the deposition environment and the terminal functionality 
of the SAMs. In a nitrogen-purged glovebox, alumina was deposited on -OH, -COOH, 
and -CH3 terminated SAMs. The TMA precursor reacted with -OH and -COOH terminal 
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groups to form dimethyl aluminum complexes, and these complexes reacted with H2O 
and O2 to deposit alumina. For these SAMs, the alumina layer was observed to be 
strongly adherent. The alumina observed on -CH3 terminated SAMs was formed by TMA 
reaction with H2O and O2 in the environment, and could be removed from the rinsing 
with organic solvent. In a deposition chamber where the pressure was less than 10-8 Torr, 
only aluminum was deposited on the -OH and -COOH terminated SAMs, but not on 
-CH3 terminated SAMs. UV light can be used to increase the deposition rate of Al on 
functionalized SAMs using TMA precursor. When a patterned -CH3/-COOH SAM was 
exposed to TMA, alumina or aluminum could be selectively deposited on the -COOH 
terminated areas depending on the reaction conditions. 
  Compared with vacuum deposition techniques, electroless deposition has several 
advantages. These include low reaction temperatures, low cost (since no vacuum chamber 
is required), and suitability for large area processing. Using electroless deposition, copper 
was deposited on -COOH and -CH3 terminated SAMs but not on -OH terminated SAMs. 
On -COOH terminated SAMs, Cu2+ ions complexed with the -COOH terminal groups to 
form Cu2+-carboxylate complexes, which provided the nucleation sites for copper film 
growth. On -CH3 terminated SAMs, Cu2+ ions only weakly adsorbed on the SAM surface. 
Thus when the bath temperature increased from 22 °C to 45 °C, copper continued to 
deposit on -COOH terminated SAMs, but not on -CH3 terminated SAMs because Cu2+ 
ions could not stably adsorb at the -CH3/solution interface at this temperature. However, 
the deposited Cu was not stable on either -COOH or -CH3 terminated SAMs. Copper 
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penetration through the monolayer was observed, and penetration continued for at least 
48 h after sample removal from the deposition bath. No copper was deposited on -OH 
terminated SAMs because the -OH groups reacted with formaldehyde to form acetals, 
which prevented Cu2+ ions adsorption.  
A new copper electroless deposition method was developed to deposit 
selectively stable copper overlayers on -COOH terminated SAMs without copper 
penetration. A “seeding” step, in which the -COOH terminated SAM was immersed in a 
Cu2+-containing plating solution prior to addition of the reducing agent (formaldehyde), 
was employed to increase the copper deposition rate. “Seeding” increased copper 
deposited rate on both -CH3 and -COOH terminated SAMs. However, copper penetration 
through -COOH terminated SAMs was still observed. By adding the organic additive 
adenine in the plating solution, copper penetration was prevented. Finally, It was 
demonstrated that copper was selectively deposited in -COOH terminated SAM areas of a 
patterned -COOH/-CH3 SAM using electroless deposition by employing the following 
conditions: 45 °C, seeding and the addition of adenine.  
  Chemical bath deposition (CBD), another solution-phase technique, was 
employed to deposit ZnS and CdSe nanostructures on functionalized SAMs. After CBD, 
flower-like ZnS nanocrystallites and spherical CdSe nanoparticles were formed on the 
SAMs. 
  After CBD on -COOH terminated SAMs, two types of ZnS nanocrystallites were 
observed: small nanoflowers (~ 500 nm diameter) and large crystallites (~ 2 μm 
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diameter). The small nanoflowers were formed via an ion-by-ion mechanism and strongly 
adhered to the SAM surface. The larger crystallites were deposited on the SAMs via a 
cluster-by-cluster mechanism and could be removed using sonication. On -OH and -CH3 
terminated SAMs, ZnS CBD proceeded via cluster-by-cluster precipitation. In this case, 
only larger crystallites were observed, and these could also be easily removed by 
sonication. Selective deposition of ZnS was achieved using CBD. When the deposition 
was performed on a -CH3/-COOH patterned SAM, ZnS nanoflowers only grew in the 
-COOH terminated SAM areas, forming “nanoflowerbeds”. 
  Spherical CdSe nanoparticles with narrow size distribution (σ ≤ 10%) were 
deposited on -COOH, -OH and -CH3 terminated SAMs using CBD. On -COOH 
terminated SAMs, CdSe nanoparticles were formed via a mixed ion-by-ion and 
cluster-by-cluster mechanism. On -CH3 and -OH terminated SAMs, CdSe nanoparticles 
were deposited via a cluster-by-cluster mechanism. Using CBD, CdSe could also be 
selectively deposited in the -COOH terminated SAM areas of a patterned -CH3/-COOH 
SAM. 
  In summary, to form a stable metallic or semiconducting contact on an organic 
thin film, one of the reactants (either the metal ion or a mediating species) must form a 
stable complex with the SAM surface. In the case of Al CVD, this is the formation of 
dimethyl aluminum-oxygen complexes. For ZnS and CdSe CBD, it is the formation of 
Zn2+- and Cd2+-carboxylate complexes. Finally, in Cu electroless deposition, two 
different stable surface complexes are required: Cu2+-surface complexes and 
 232
adenine-carboxylate complexes. 
 
9.2  Future Work 
Improvements are still needed to the developed deposition techniques before they can be 
widely implemented. In CVD, UV-assisted processes will greatly increase deposition 
rates on SAMs and could be employed to deposit other industrially important metals such 
as Cu and Ni. Copper- and nickel-containing organic compounds are generally less 
reactive than TMA, and so their depositions need high substrate temperature, which is not 
compatible with SAMs. UV light-assisted CVD may aid in lowing the deposition 
temperatures required, allowing them to be employed on SAMs. Finally, it is also of 
interest to employ CVD, CBD and electroless deposition to construct 3D complex 
molecular structures that incorporate metallic and semiconducting layers.  
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Figure A3.1 A schematic diagram of the CVD chamber holder and stand. 
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Figure A3.2 A schematic diagram of CVD chamber holder.  
 
 238
3”
a)
b)
 
Figure A3.3 Schematic Diagrams of the CVD chamber holder, (a) side view; (b) top 
view. 
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Figure A4.1 High resolution negative ion TOF SIMS spectra m/z = 0 - 900 of (a) -OH, (b) 
-COOH and (c) -CH3 terminated SAMs before and after exposure to TMA for 15 minutes 
in a reaction chamber with a base pressure of 2.7 × 10-8 torr. 
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Figure A4.2 NMR spectrum of 16-bromohexadecanoic acid. 
 
 
 
Figure A4.3 NMR spectrum of 16-bromohexadecanol. 
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Figure A4.4 NMR spectrum of 16-bromohexadecyl acetate (18O2). 
 
 
 
Figure A4.5 NMR spectrum of 16-thioacetyl hexadecyl acetate (18O2). 
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Figure A4.6 NMR spectrum of 16-mercaptohexadecanol (18O). 
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Figure A4.7 IR spectrum of 16-mercaptohexadecanol (18O). 
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Procedures for Synthesizing 18O Labeled Mercaptohexadecanol (MHL)1 
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Figure A5.1: Positive ion TOF SIMS spectra (m/z 2-500) for -CH3 terminated SAMs 
prior to and after Cu electroless depositions at 22 °C and at 45 °C for 1 h. 
  
Figure A5.2: Negative ion TOF SIMS spectra (m/z 2-500) for -CH3 terminated SAMs 
prior to and after Cu electroless depositions at 22 °C and at 45 °C for 1 h. 
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Figure A5.3: Positive ion TOF SIMS spectra (m/z = 2-500) for -COOH terminated 
SAMs prior to and after Cu electroless depositions at 22 °C and at 45 °C for 1 h. 
 
Figure A5.4: Negative ion TOF SIMS spectra (m/z 2-500) for -COOH terminated SAMs 
prior to and after Cu electroless depositions at 22 °C and at 45 °C for 1 h.  
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Figure A6.1 Positive ion TOF SIMS spectra (m/z 2-200) for -COOH terminated SAMs 
after 1 h Cu electroless deposition at 45 °C (a) under unseeded and seeded conditions, (b) 
seeded sample prior to and after sonication in deionized water for 3 min  
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Figure A6.2 Positive ion TOF SIMS spectra (m/z 2-200) for -CH3 terminated SAMs after 
1 h Cu electroless deposition at 45 °C (a) under unseeded and seeded conditions, (b) 
seeded sample prior to and after sonication in deionized water for 3 min 
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Figure A6.3 Positive ion TOF SIMS mass spectra (m/z 2-200) for -COOH terminated 
SAMs prior to and after Cu electroless depositions with (a) adenine, (b) guanine as 
additive at 45 °C for 1 h.  
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Figure A7.1 Positive ion TOF SIMS spectra (m/z 0-800) for -COOH terminated SAM 
prior to and after ZnS chemical bath deposition for 2h at 22 °C and at 45 °C. 
 
Figure A7.2 Negative ion TOF SIMS spectra (m/z 2-800) for -COOH terminated SAM 
prior to and after ZnS chemical bath deposition for 2h at 22 °C and at 45 °C.  
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Figure A7.3 Positive ion TOF SIMS spectra (m/z 0-800) for -OH terminated SAM prior 
to and after ZnS chemical bath deposition for 2h at 22 °C and at 45 °C. 
 
Figure A7.4 Negative ion TOF SIMS spectra (m/z 2-800) for -OH terminated SAM prior 
to and after ZnS chemical bath deposition for 2h at 22 °C and at 45 °C.  
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Figure A7.5 Positive ion TOF SIMS spectra (m/z 0-800) for -CH3 terminated SAM prior 
to and after ZnS chemical bath deposition for 2h at 22 °C and at 45 °C. 
 
Figure A7.6 Negative ion TOF SIMS spectra (m/z 2-800) for -CH3 terminated SAM prior 
to and after ZnS chemical bath deposition for 2h at 22 °C and at 45 °C.  
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Figure A7.7 The size distribution of large flower-like crystallites as a function of time on 
–COOH terminated-SAMs at 45 °C under seeded conditions. The width of the bar is ± 
0.10 μm. Corresponding SEM images are shown in Figure 5.5. 
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Figure A7.8 The size distribution of large flower-like crystallites as a function of time on 
–COOH terminated-SAMs at 45 °C under unseeded conditions. The width of the bar is ± 
0.10 μm. Corresponding SEM images are shown in Figure 5.6. 
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Figure A8.1 The size distribution of CdSe nanoparticles as a function of time on -COOH 
terminated-SAMs when CBD is performed with 80 mM Na2SeSO3 at 45 °C. The width of 
the bar is ± 1 nm for 5 min, 15 min, 30 min and 60 min deposition, and ± 2.5 nm for 90 
min and 120 min deposition. 
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Figure A8.2 The size distribution of CdSe nanoparticles as a function of time on -COOH 
terminated-SAMs when CBD is performed with 40 mM Na2SeSO3 at 45 °C. The width of 
the bar is ± 1 nm for 15 min and 30 min deposition, and ± 2.5 nm for 60min, 90 min and 
120 min deposition. 
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Figure A8.3 The size distribution of CdSe nanoparticles as a function of time on -COOH 
terminated-SAMs when CBD is performed with 20 mM Na2SeSO3 at 45 °C. The width of 
the bar is ± 2.5 nm. 
